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Abstract 
By the middle of the 20th Century, traditional mechanical metal forming methods were 
showing to be inadequate for producing components comprising of large high strength 
aluminium alloy panels with complex curvatures, such as those used in modern aircraft and 
aerospace metal structures. To deal with this problem, a new forming method was conceived 
by Textron, which has proven to be very useful for forming components with these 
shape characteristics and good mechanical properties. The method is called Creep Age 
Forming (CAF).  
The research described in this thesis is a study of CAF of a 2219 aluminium alloy, 
which is used for fabricating the isogrid structure for fuel tanks of launch vehicles. The main 
aim of the research is to develop experimental and modelling tools for CAF of AA2219 sheet 
structures.   
A series of creep-ageing tests and stress-relaxation tests have been conducted on 
AA2219 at 175 °C . The age-hardening, creep deformation and stress relaxation behaviour of 
AA2219 have been investigated. Based on the experimental investigation, a novel set of 
physically based, unified creep constitutive equations has been established.  
A small scale CAF test rig was designed to validate the springback prediction from FE 
simulation. The experimental result and simulation are in good agreement. Development of 
FE procedures for simulating creep-ageing behaviour of the material and springback has been 
performed to predict and assess the springback behaviour of metal sheet in typical forming 
tools. 
 II 
 
Integrated numerical procedures for predicting stress relaxation and springback and tool 
shape determination for autoclave creep age forming isogrid panel have been developed. 
Meanwhile, experimental work has been carried out to investigate mechanical-based creep 
age forming of stiffened structures.   
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Chapter 1                                           
Introduction                                                                                                      
1.1 Launch Vehicles 
In the aerospace industry, a launch vehicle is a rocket used to carry payload from the 
Earth’s surface into outer space. Usually the payload is an artificial satellite placed into orbit 
[1-3]. There are two types of launch vehicles: one is expendable launch vehicles, which are 
designed for one-time use. They always separate from their launched payload at the objective 
orbit and break up during atmospheric re-entry. Another one is reusable launch vehicles, 
which are designed to be recovered intact and used again for subsequent launches [4-8]. 
Currently, many nations and space agency have developed their expendable launch vehicle 
families [9]. For example, the European Space Agency developed the Arianne Family [6], 
Untied Launch Alliance manufactures and launches the Delta and Atlas Family and China 
Aerospace Corporation develops their Chang Zheng (CZ) Family [8, 10-12]. 
Launch vehicles are often characterized by the amount of mass they can carry into orbit 
[4, 5]. For example, Arianne 5 (Figure 1.1 (a)), as a part of Arianne rocket family, is 
manufactured under the authority of the European Space Agency and was used to deliver 
payloads into geostationary transfer orbit. On 22nd April 2011，the Arianne 5 ECA flight 
VA-201 broke a commercial record, lifting Yahsat 1A and Intelast New Dawn with a total 
payload weight of 10,064 kg to transfer orbit. This record was later broken again during the 
launch of Arianne 5 ECA flight VA-208, lifting a total of 10,182 kg into the planned 
geosynchronous transfer orbit [13].  
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The Chang Zheng 2F, also known as the CZ-2F, is a Chinese manned orbital carrier 
rocket, designed to launch manned Shenzhou spacecraft [14, 15]. On 15th October 2003, the 
CZ-2F launched Shenzhou 5, China’s first manned spaceflight. The CZ-2F has successfully 
launched the Shenzhou 6, 7, 9 missions into orbit between 2004 and 2010. On 16th June 2012, 
it was used to deliver Tiangong-1 (China’s first space station) to demonstrate orbital 
rendezvous and docking capabilities (Figure 1.1 (b)).  
(a) Arianne-5 
 
(b) LM-2F 
 
Figure 1.1:  (a) Arianne 5 used to deliver payloads into geostationary transfer orbit or low 
earth orbit [13] and (b) LM-2F used to deliver Tiangong-1 to demonstrate orbital rendezvous 
and docking capabilities [16]. 
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1.2 Isogrid Structures in Launch Vehicles 
Weight saving is of great importance in designing and fabricating aerospace structures 
because of the high cost of each kilogram of payload [17, 18]. The launch vehicles’ body are 
generally fabricated by lightweight structures. Isogrid structures meet the needs of 
lightweight with high strength to weight ratios in launch vehicle structures. Aircraft fuselage, 
interstates, shrouds, orbital workshop interiors and launch vehicle fuel tanks are the main 
applications of these structures in airspace and aerospace industry [9, 19, 20]. These 
structures are characterized by a shell structure supported by a lattice pattern of stiffeners on 
either the inner or outer sides of the shell. It employs an array of equilateral triangle cut-outs 
to increase the stiffness per weight of a structure [21]. The concept of implementation of 
isogrid structures began in the early 1960s using aluminium structures and development 
continues today with focusing on optimizing stiffening patterns to further decreasing the 
weights [22]. The material used for manufacturing isogrid structures of fuel tanks is 
aluminium alloy 2219, which has a unique combination of properties such as its good ability 
to weld, high strength to weight ratio and superior cryogenic properties [23-25]. 
The isogrid structure has been successfully employed for the manufacture of fuel tanks 
of launch vehicle of CZ-LM Family developed by China Aerospace Corporation [11]. 
Figure 1.2 illustrates the assembly of the AA2219 isogrid structure for the fuel tanks of CZ-
2F launch vehicles.  
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Figure 1.2:  AA2219 isogrid stiffened structures for fuel tanks of launch vehicles.  
 
1.3 Fabrication of Isogrid Structures 
Figure 1.3 reviews the current manufacturing sequences involved in producing the 
cylindrical fuel tanks of launch vehicles [26, 27]. Firstly, the isogrid structures are typically 
fabricated by numerically controlled CNC machining operation on an AA2219-T87 flat panel 
(Figure 1.3(a)). Next, the machined isogrid panels are rolled after the machined-out pockets 
are filled with a low melting wax (Figure 1.3(b) and (c)). This filler material stabilizes the 
isogrid ribs, evenly distributing the forming/bending force throughout the whole structure 
during rolling. A rolling process without a filler material may result in an irregular skin and 
buckling of the ribs. After rolling process, the wax is melted out at 60 °C  and the isogrid 
panel is cleaned in the water tank with the trimming of longitudinal edges thereafter (Figure 
1.3(d), (e) and (f)). Finally, a cylindrical isogrid panel can be obtained by joining four pieces 
of individual formed isogrid panels via friction stir welding (FSW) (Figure 1.3(g). Excess 
materials at the lateral edges are machined off (Figure 1.3(h).  
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(a) 
 
(b) 
 
 (c) 
      
(f) 
 
 
(e) 
 
(d) 
 
     (g) 
      
    (h) 
       
 
Figure 1.3:   Roll forming sequence for isogrid stiffened structures. 
 
1.4 Advanced Cylindrical Isogrid Structures  
Many previous studies have shown that integral structures have a number of advantages 
in the application of structural components in the aerospace industry [28, 29]. Therefore, 
integral cylindrical isogrid structures are expected to be fabricated as integral as possible to 
reduce the number of parts, and thereby the manufacturing costs by reducing part assembly, 
handling, inventory and transport costs [30]. In the present research, a new concept is 
developed: The concept of this integral airframe structure (IAS) is illustrated in Figure 1.4. 
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IAS is the ‘built-up’ structures are fabricated by fewer components of the current ‘built-up’ 
structures. The objective of the IAS is to build structure that is less expensive and improve 
the structural performance than current ‘built-up’ structure.   As shown in the figure, it is 
expected to reduce the number of isogrid panels for assembling the entire cylindrical isogrid 
structure. The strength values at the joint area are reduced by 30% at the HAZ areas and so 
that the thickness of the components have to be increased at the joint area to keep the 
structure safety [31-33]. Currently, a cylindrical fuel tank of launch vehicle is fabricated by 
four individual formed isogrid panels. It is then expected to use three parts or a single part to 
fabricate the entire cylindrical fuel tank structure to achieve the following advantages [29]:   
 Weight savings. Lighter  than the current built-up structure  
 Cost savings. Cost less than the current built-up structure 
 Improved structure integrity 
 
Figure 1.4:   Concept of integral airframe structures for isogrid structures. 
 
To meet this goal, the IAS program aims to develop a new and effective design 
approach for integral structures with reduced parts for assembling, along with manufacturing 
 7 
 
technologies for implementing that approach. The design manufacturing technologies 
pursued would be selected from various possible concepts based on cost and performance 
criteria. 
1.5 Advanced Forming Technologies 
With the increasing demand for higher formability, durability and cost efficiency, there 
has been  tremendous development in metal forming technologies and tool design in the past 
decades for forming large contoured sheet structures (isogrid panels can be also classified as 
sheet metal) [34-36]. One of the major concerns in forming these large contoured sheet 
structures is the amount of imparted residual stress left in the panel. If a high residual stress 
remaining in the panel’s outer layer and the panel is subject to cyclic loading, as it would be 
in aerospace applications, the possibility of fatigue cracking is greatly increased [34, 37]. 
Conventional forming methods like roll forming, stretch forming and peen forming are based 
on plastic deformation and generate a high residual stress that causes problems when the 
material is loaded dynamically [36-42]. To deal with this problem, a new forming method 
was developed by Textron Aero-structures, which has been proven to be an advanced 
technology for forming components with complex curvature and achieve good mechanical 
properties [43]. This advanced forming technology is called creep age forming (CAF). 
Compared with the other forming techniques, CAF offers a potential solution that imparts 
significantly less residual stress. CAF utilizes the metallurgical stress relaxation behaviour 
during the artificial ageing of stressed aluminium alloy. It is notable that the CAF process can 
be performed on different types of heat-treatable aluminium alloys，such as 2XXX, 6XXX 
and 7XXX series [43-45]. Currently, most components made by CAF are aircraft wings and 
stringers [46], but this research aims to introduce the CAF technique into forming aerospace 
components. 
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1.6 Aim of the Work and Research Approach  
The aim of this project is to develop experimental and numerical tools to predict creep-
ageing behaviour and springback in creep age forming of AA2219 sheet structures. In order 
to achieve the aim, the research work was divided into the following distinct subjects:  
First, the creep-ageing behaviour of AA2219 during CAF and its springback response 
are studied through experimental investigations and modelling work. 
Second, based on an understanding of the creep-ageing behaviour of the material and 
establishment of the unified creep-ageing constitutive equations that are capable of modelling 
age-hardening, creep and prediction of stress relaxation during CAF, FE simulations have 
been performed to investigate the issues that could affect creep age forming process. Also, 
small scale CAF experimental work was carried out to validate the springback predictions. 
Thirdly, FE simulations have been carried out on autoclave creep age forming isogrid 
structures to demonstrate the tool compensation process in CAF. In addition, experimental 
work has been performed on AA2219 stiffened structures with mechanical-based creep age 
forming method. Based on two cases, CAF processes have been proposed for forming isogrid 
cylindrical assembly for industrial applications. 
 
1.7 Structure of Thesis 
This thesis has been divided into nine chapters. This chapter provides a short 
introduction to the AA2219 isogrid structures for launch vehicles and the motivation of this 
research. Chapter 2 contains a review of recent research and scientific developments on the 
creep age forming process. Chapter 3 is dedicated to reporting the experimental 
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investigations. Creep ageing and stress relaxation ageing experiments have been designed to 
characterize the creep-ageing and stress relaxation behaviours of Aluminium Alloy 2219 
under thermal exposure conditions. Based on experimental investigations, a unified 
constitutive equation for AA2219 has been adopted for the CAF process in Chapter 4. The 
determined equation set has been integrated into the commercial FE software ABAQUS via 
the user defined subroutine, CREEP, to describe the creep-ageing behaviour. In Chapter 5, a 
four point bend rig was designed and a series of creep age forming tests were carried out to 
investigate the springback of AA2219 sheet, In addition, simulations have been carried out to 
compare with the experimental observations. Numerical models have been established in 
Chapter 6 to analyse the difference in springback predictions between the two loading cases: 
end clamp and uniform pressure. The former is often used in small scale laboratory testing 
and the latter in real industrial forming processes. In Chapter 7, an iterative tool 
compensation method was introduced and demonstrated to compensate for forming AA2219 
isogrid panels by autoclave forming process. Also, a proposed CAF process for forming 1/3 
pieces isogrid cylindrical assembly by autoclave forming has been given. Besides autoclave 
forming method for CAF, a mechanical forming method for CAF has been proposed in 
Chapter 8, Corresponding experiments have been performed on creep age forming stiffened 
panels with an end clamp. Finally, the conclusions and suggestions for future work are 
presented in the last chapter, Chapter 9. 
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CHAPTER 2                                                   
Review of Creep Age Forming Technologies 
 
2.1 Background and Current Development 
Creep age forming (CAF) is the process by which a sheet (typically of aluminium) is 
formed into the required shape by creep deformation, whilst precipitation aging processes are 
performed simultaneously. The stresses generated in the workpiece, due to the restraining 
forces applied, gradually relax as creep strain accumulates [43]. 
Creep age forming is now widely applied in aircraft industry. For example, both the 
upper and lower wing skins of B-1B’ Long Range Combat Aircraft or the USA are produced 
using CAF [37]. ‘Bennetts Associates’ has worked with Airbus on the development of CAF 
for producing the wing skin for the latest A380 airplane, using AA7055 alloy (Figure 2.1(a)). 
The length of the wing skin is 33 m, its widest section is 2.8 m, and it has a double curvature 
aerodynamic surface. Its thickness varies from 3 to 28 mm [47, 48]. STADCO, USA also 
developed one of the largest creep age-forming tools to manufacture Gulfstream G-5 upper 
and lower wing skin [43, 49],  as shown in Figure 2.1(b). 
Apart from aircraft wing panel manufacturing industry, creep age forming technique is 
also applied in other industries. For example, Rolls-Royce used CAF tool to produce wide 
chord fan blades and GKN AEROSPACE also employed the CAF technique to manufacture 
and fabricate aerospace engine inner fixed structure (Figure 2.1(c)) [50, 51]. 
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(a)  
 
(b)  
 
(c)  
 
 
Figure 2.1: Creep age forming workpieces. (a) The world’s largest commercial aircraft A380 
wing panel [43], (b) Gulfstream G-5 wing skin [43], (c) GKN aerospace engine inner fixed 
structure [51]. 
 
2.2 Mechanisms of Creep Age Forming 
2.2.1 Typical creep age forming process 
Creep age-forming is typically divided into three stages. The typical process is shown 
schematically in Figure 2.2. Firstly, a fully machined flat workpiece is positioned onto a 
contoured forming tool. Next, a high temperature vacuum bag is fitted to seal the component 
against the continuous surface of the forming tool, the air is then removed from under the bag 
creating an atmospheric pressure differential, forcing the workpiece towards the tool surface. 
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Thereafter, the pressurised workpiece with the tool are loaded into an autoclave while the 
workpiece undergoes heat treatment at a heat-treatment temperature (120 oC – 180 oC) for a 
certain period of time. During the thermal exposure, stress relaxation due to creep occurs, 
inelastic strain is generated. At the end of the heat treatment cycle, the workpiece is removed 
from the autoclave and unwrapped. Some permanent deformation remains in the workpiece 
while there is some deformation recovery takes place, which is termed as springback [40, 43, 
52]. Figure 2.3(a) shows a wrapped A380 wing panel prior to CAF while Figure 2.3(b) shows 
the wing panel taken out from autoclave after CAF. 
 
Figure 2.2: Creep age forming process [43]. 
 
(a) 
 
(b) 
 
Figure 2.3: (a) Wrapped A380 wing panel, (b) panel taken out from  autoclave after creep age 
forming [47]. 
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2.2.2 Stress relaxation in creep age forming 
The concept of CAF is based on stress relaxation phenomenon due to high temperature 
creep. During the CAF process, stresses present within the metal after initial loading/prior to 
ageing will seek to relieve themselves upon exposure to artificial ageing temperature. For a 
conventional forming operation, assuming that the initial stress within the workpiece is below 
the yield stress, when the workpiece is unloaded, it will physically relieve the stress by 
returning to its original shape. However, for CAF, the induced level stress is significantly 
relieved for a significant amount of time [52, 53], the workpiece, upon unloading, will not 
fully recover to its original state [45, 54-57]. A detailed stress-strain-time relationship during 
CAF process is shown in Figure 2.4. In Figure 2.4(a), stress redistribution between initial 
loading (material is below its yield stress) and after ageing for a simple single plane bending 
condition can be seen. Figure 2.4(b)-(d) present the corresponding stress-relaxation, creep 
curve and stress-strain relationship during CAF. The stress relaxation behaviour is mainly 
due to creep and thermal recovery. As shown in Figure 2.4(d), the stress level in the 
workpiece reduces from 1 to 2 . Even though the total strain, T , remains constant 
throughout the period of artificial ageing. The amount of the inelastic strain, in , is 
responsible for shaping the part. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
 
Figure 2.4: Forming mechanism of CAF under simple bending. (a) CAF under simple 
bending and stress distribution through thickness, (b) stress relaxation, (c) creep deformation, 
(d) stress relaxation that occurs during CAF [43]. 
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2.2.3 Age hardening in creep age forming 
CAF is not only a stress-induced deformation process, but also a process of artificial 
ageing the aluminium alloy. During the artificial ageing period in CAF, the constituents of 
the metal precipitates alter the microstructure of the material, which improves its mechanical 
strength [43, 45]. Due to the simultaneous increase of strength with relaxation of the metal 
during CAF, the creep deformation is different from that of conventional creep [58]. For 
conventional creep, the candidate material has been artificially aged to its highest strength 
already for creep resistance working at high temperature. However, in CAF, the material is 
relatively soft initially. Thus the primary creep rate is higher [57, 59]. Figure 2.5 shows the 
comparison of creep strain for conventional creep deformation (AA2219-T87) and creep in 
CAF (AA2219-T4) for a period of 18 hours. The creep rate in CAF is higher than that in the 
conventional creep deformation ( ca a  ). It can also be seen that, more creep strain is 
accumulated in CAF process compared to conventional creep.  
 
Figure 2.5: Comparison of primary stages of conventional creep deformation (pre-aged, T87) 
and creep deformation in CAF (as quenched, T4) on AA2219 with a same applied stress. 
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2.3 Development of CAF Experimental and Modelling Tools 
The studies on material behaviour associated with the CAF process in practical 
materials, such as aluminium alloys used for panels structure manufacturing, will be of 
fundamental significance in the evolution and optimization of CAF process. Over the past 
decades, considerable research has been carried out to investigate and model the CAF 
operation, including creep/stress relaxation, age-hardening characteristics and formability of 
aerospace aluminium alloys, in order to fully exploit the CAF technology [60-63].  
2.3.1 Experimental Investigations 
Gangloff et al. [64] studied and assessed an aluminium alloy (AA8090), which is used 
to form the lower wing skin. The authors conducted various tests and measured the stress 
relaxation behaviour of the material during CAF. Their experimental results showed that 
CAF of AA8090 reduced the toughness but improved fatigue crack growth resistance. Creep 
age forming of non-age hardenable alloys like 5XXX series alloy, used for the fabrication of 
fuselage shells, was studied by Jambu et al. [65, 66]. Creep tests and stress relaxation tests 
were carried out at different temperatures to study the thermal stability and mechanical 
property evolution. Their experimental results showed that CAF of 5XXX series alloy can be 
reduced to less than half of the original CAF duration without deteriorating alloy properties. 
A number of experiments and microscopy examinations were performed for age-
hardenable heat treatable aluminium alloys series 2XXX and 7XXX to investigate the 
material aspects, especially age-hardening response and microstructure evolution of the 
precipitates during ageing heat treatment [44, 64-69]. For example, Zhan et al. [62] 
investigated the creep ageing behaviour of AA7050. Through testing, they determined 
suitable CAF conditions by optimizing the balance between material mechanical properties 
 17 
 
and creep-induced deformation behaviour. Jeshvaghani et al. [70, 71] carried out multi-step 
treatment in creep age forming of AA7075 to decrease springback and exfoliation corrosion 
susceptibility without reduction in tensile properties. The results showed that the multi-step 
heat treatment resulted in low springback and the best combination of exfoliation corrosion 
resistance and tensile strength. Starink et al. [69] reviewed the metallurgical principles 
applied to high formability of AA2024 and studied a series of experiment and calculations for 
various aluminium alloys after simple bending and stretching. Creep age forming of a 2024 
aluminium alloy was carried out by Lin et al. [72], their results showed that the precipitation 
process is more sensitive to the creep ageing temperature than to the external stress. Also, the 
creep ageing process induced discontinuous distribution of precipitation phases on the grain 
boundary, which is useful to improve the corrosion resistance of AA2024. Similarly, Lin et al. 
[73] investigated the effects of the external stress and creep aging temperature on the 
precipitation hardening in 2124-T851 aluminium alloy, and worked out that the external 
stress and temperature can alert the competitive precipitation equilibrium of different 
strengthening phases. 
2.3.2 Materials and process modelling investigations 
CAF is often used to manufacture extra-large panel structure. In order to minimise the 
cost and experimental time consumption, efforts have been made to develop mathematical 
models and finite element simulation methods for the CAF operation to predict formability 
and age-hardening characteristics of aerospace aluminium alloys [40]. 
For instance, Peddieson and Buchanan [74] carried out a preliminary simulation of 
creep age-forming of a beam using a model based on linear visco-elasticity and ignoring 
thermal stresses. Their simulations successfully captured many features of CAF but could not 
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accurately predict springback. Based on Peddieson’s and Buchanan’s research, Sallah et al. 
[75] developed a mathematical beam model, with simply inelastic response, to simulate 
springback in CAF of circular arc shapes. Jackson et al. [76] studied the application of a 
unified elastic/inelastic constitutive model to simulate CAF. Narimetla et al. [77, 78] 
proposed a simulation procedure for CAF of aircraft panels by using an FE plate model.  
Guines et al. [79] used a traditional power-law creep model to predict the creep deformation, 
stress relaxation phenomena, which took place during the thermal exposure (creep-ageing 
stage) in CAF. Ho et al. [43, 54] used a set of creep damage constitutive equations, developed 
by Kowalewski et al. [80] to describe CAF. They studied the stress relaxation and creep 
deformation of aluminium sheet under various forming conditions and using a range of sheet 
thickness. All the above discussed CAF numerical analyses mainly dealt with simple CAF 
tool shape and conventional elastic-inelastic/visco-plastic material response. Their models 
ignored thermal stress for simplicity and had not considered for the essential age-hardening 
characteristics of the material.  
Besides the basic creep strain behaviour, the interaction between creep deformation and 
age hardening has been widely studied in recent years. There have been attempts to 
mathematically relate process variables (alloy composition, heat treatment temperature and 
time) with resulting alloy strength or hardness, based on physical principles. For instance, 
Shercliff and Ashby [81] developed a process model to describe age hardening of aluminium 
alloys based on thermodynamics, kinetic theory and dislocation mechanics. With a few 
assumptions and simplifications, while still retaining the essential features of ageing, their 
proposed process models provided a description of the evolution of the precipitation reaction 
and the relationship between the microstructure and the strength for aluminium alloy 2XXX 
and 6XXX series. Poole et al. [82] developed a model for the age-hardening response in 
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AA7030 that describes the effect of two step ageing treatment and the effect of deformation 
on the kinetics of ageing. Their model also described the essence of the experimental 
observations the alloy subjected to deformation before artificial ageing. Based on strain 
energy, Kashyap et al. [83] developed two step ageing model for aluminium alloy 7010 by 
taking into account the coherency of strain between precipitates cluster and matrix. Ho et al. 
[54] developed a set of constitute equations, which models the precipitate nucleation, growth 
and primary and secondary creep deformation for AA7010 aged at 150 °C. Ho’s material 
models have been successfully introduced into FE solver to predict the creep deformation, 
stress relaxation, springback and the increase in yield strength of formed part. However, Ho’s 
equations are only suitable for aluminium alloy with spherical precipitates mechanism, 
because there is only one parameter (the radius of precipitates) to consider the effects of 
precipitate hardening on creep deformation. Further efforts have been made by Zhan et al. [62] 
to develop new mechanism-based creep ageing constitutive equations for aluminium alloys 
with different forms of precipitates under different CAF conditions. These equations entirely 
model the CAF mechanism combining the interaction between mechanical property evolution 
and creep deformation under CAF. These constitutive equations are also used in this research 
and will be fully discussed in Chapter 4. 
 
2.4 Experimental Investigation of Springback 
During CAF, the key challenge is to accurately predict the amount of springback that 
will arise after CAF, so that the tool and CAF process can be designed to compensate for 
springback effects [84, 85]. To deal with this issue, integrated numerical models have been 
developed by several researches to evaluate springback in creep age formed components from 
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thick aluminium sheet using physically-based creep constitutive equations. These models are 
often combined with experimental investigations to examine springback in forming processes 
[52, 86]. 
Simple experimental devices have been developed to examine stress relaxation and 
springback during CAF. However, these are generally based on single curvature bending 
conditions. The range of typical cylindrical testers which can be used for CAF features 
investigations are shown in Figure 2.7. A number of CAF tool designs have been studied in 
the literature as illustrated in Figure 2.7(a)-(e) where the initial undeformed and fully loaded 
configurations are shown.  These CAF tool designs are next reviewed. 
Huang [87] carried out forming tests on an aluminium alloy, AA2324, using a single 
tool with a cylindrical surface, as shown in Figure 2.7(a). The rectangular workpiece was 
pressed onto the tool’s surface and clamped at both ends, generating an initial bending stress 
in the workpiece. Creep forming and stress relaxation took place and the springback 
phenomenon was investigated. This tool configuration is further investigated in this work.  
Ho et al. [43] employed a testing device that was similar to a four point bend rig, as 
shown in Figure 2.7(b). This design provided an effective method to study the effect of the 
initial stress level on creep deformation, stress relaxation and springback. Springback features 
were investigated after CAF forming AA7010 at 150 °C , for different ageing periods and 
loading conditions.  
Jeshvaghani et al. [70, 71] examined the effects of CAF time and temperature on the 
mechanical properties of AA7075. Samples were prepared, as shown in Figure 2.7(c), by 
pressing the workpiece between two dies, achieving full contact.  The upper and lower die 
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were then bolted together and isothermally heated in a furnace for a specified ageing time and 
temperature.  
Miller et al. [88, 89] developed a bend-stretch forming device to achieve a cylindrical 
profile, a schematic of which is shown in Figure 2.7(d). The workpiece was gripped in a 
collet and the die advanced towards the workpiece, causing the collet to rotate and remain 
tangential to the ends of the workpiece. Finally, the die was retracted and workpiece removed. 
Though this was a cold forming process, it provides a reference method for CAF 
investigations. 
Zhang [90] designed a cantilever bending test device, as shown in Figure 2.7(e), and 
studied the influence of a number of parameters including temperature, time and curvature 
radius on the aluminium alloy 2A12CZ. However, this testing device resulted in various 
complex creep deformation/stress relaxation due to the non-uniform distribution of bending 
moments along the length of the workpiece.  
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(a) End clamp bending device [87] (b) Four point bending device [43] 
 
 
(c) Upper and lower die bending device [70, 
71] 
(d)     Bend-stretch device [88, 89] 
 
 
 
(e) Cantilever bending device [90]  
Figure 2.7: Schematic of curvilinear devices developed for CAF springback. 
 
2.5 Summary   
Numerous efforts have been made to investigate, model and hence improve the 
industrial CAF. Due to specific requirements of the process, both experimental and modelling 
techniques need to be addressed. Also, current state of the art shows that:  
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 CAF is suitable for the production of extra large shell structure components, which are 
made of heat treatable materials and for which, stress relaxation takes place at their 
artificial ageing temperatures.  
 CAF combines the material heat treatment and forming in one operation, and thus 
reduces energy in production.  
 Springback will occur in CAF. Thus, the process and modelling work should be 
concentrated on springback evaluation, with the aim of designing an appropriate tool 
shape to compensate it.  
 Significant experimental investigations need to be carried out to characterise both the 
stress relaxation behaviour and age hardening mechanism. A set of unified creep-ageing 
constitutive equations should be used and calibrated from experimental data, to enable 
the physical and mechanical property evolution to be modelled during CAF processes. 
Thereafter, a set of constitutive equations can be implemented into commercial FE 
process simulation packages, for process optimisation and appropriate tool design, in 
order to compensate springback.  
The current research is concentrated on constitutive modelling of the creep-ageing 
behaviour of candidate aluminium alloy 2219 during artificial ageing and developing a 
practical process to validate and predict stress relaxation behaviour, age-hardening, 
springback and related work in CAF. 
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CHAPTER 3                                      
Experimental Investigations on the Creep Age 
Hardening and Stress Relaxation Behaviour of 
Aluminium Alloy 2219 
 
3.1 Introduction 
This chapter contains a description of an experimental investigation of creep ageing 
behaviour of an aluminium alloy AA2219 at a high temperature of 175 °C. Two experimental 
programmes have been designed to characterise the creep-ageing and stress relaxation 
behaviours of Aluminium Alloy 2219 under thermal exposure conditions. Both creep-ageing 
tests and stress relaxation tests have been performed for a range of stress level at 175 °C. 
 
3.2 Experimental programme 
3.2.1 Test material 
The creep ageing test specimens, of composition shown in Table 3.1, were machined 
from AA2219-T87 base plates in the rolling direction. Each test specimen was 90 mm long 
and had a gauge length of 37.5 mm for creep strain measurement. The dimensions of the 
specimen are shown in Figure 3.1. Prior to creep ageing and stress relaxation tests, the 
specimen was solution heat-treated at 535 °C for 1 hour and water quenched immediately to 
get the material in T4 condition. Subsequently, the samples were kept in a low temperature 
control zone (15 °C ) to reduce natural ageing. 
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Table 3.1: Material compositional elements of aluminium alloy 2219, wt % 
Cu Mn Si Fe Ti Cr Al 
6.3 0.3 0.2 0.3 0.06 0.18 Remainder 
 
 
 
Figure 3.1: Test-piece design with extensometer ridges. (all dimensions are in mm) 
 
3.2.2 The overall test programme 
In order to capture the CAF mechanism for AA2219, two types of experiments were 
performed: one was a uniaxial creep-ageing test, and the other one was a uniaxial stress 
relaxation test. The overall test program is shown in Figure 3.2. Detailed experimental 
procedures and results for creep-ageing and stress relaxation are given in the following 
sections of this chapter.  
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Figure 3.2: Material preparation and test program. 
 
3.3 Creep-Ageing Tests 
3.3.1 Aims 
The aim of performing this test was to investigate both the creep and ageing behaviour 
of AA2219 under constant stress for a controlled amount of time (e.g. 18 hours) at 175 °C . 
This test is very similar to the conventional creep test, apart from the fact that the material 
used was solution heat-treated and quenched. Therefore, the material was expected to be 
initially less strong but to exhibit a lot of hardening during the test. The hardening can be 
attributed to ageing due to thermal exposure and to creep deformation. At the end of the test, 
the material's yield strength was expected to increase due to the age hardening mechanism. 
3.3.2 Experimental equipment 
The creep tests were conducted on a PHONEIX constant load creep machine (Figure 
3.3) in the High Temperature Testing laboratory at Imperial College London. The creep 
machine consists of a closed furnace with three built-in thermocouples. To measure the 
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specimen temperature more accurately, two additional thermocouples, which were tied to the 
surface of the material in the gauge length area, were used to measure the temperature 
directly from the material. The creep machine was fitted with an auto balanced lever system 
that can sustain a constant load on uniformly deforming specimens.  
The extension was measured using two linear capacitor gauges, which are fitted on the 
samples' ridges to measure specimen extension through a FREQ 1MP-AB modular system 
equipped with two dual transducer amplifier modules. The transducers can measure the 
testpiece elongation up to 2.2 mm (a totally strain of approximately 2.0 %). 
 
Figure 3.3: Creep-ageing experiment set-up.  
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3.3.3 Experimental procedures 
Constant stress creep tests were carried out at 175 °C  for stress levels of 125.0, 137.5, 
150.0, 162.5, 175.0, 200.0, 225.0, 237.5 and 250.0 MPa for the specimens prepared in 
AA2219-T4 condition. The total test duration was 18 hours, which is approximately similar 
to the duration for a complete industrial creep-age forming process. Meanwhile, interrupted 
creep-ageing tests (e.g. 6 hours, 12 hours) were performed to determine the creep-ageing 
behaviour. The experimental procedures for 18 hours creep-ageing test are briefly described 
as follows: 
 First, the specimen was fitted and aligned in the middle of the furnace. Two additional 
thermocouples were tied to the specimen gauge area surface and a pair of extensometers 
was fitted to measure the extension.  
 The furnace was closed and the heating was switched on. Super wool was used to cover 
the top and bottom of the furnace to reduce heat loss.  
 When the temperature stabilized at 175 °C , the load was applied and the elongation of 
the specimen was measured by the capacitor gauges.  
 The extension was measured by two capacitor transducers every 10 second initially for 
the first hour. The time interval was then increased to 30 seconds for the rest of 
experimental period. 
 The data logger was stopped when the time reached 18 hours. The heating was switched 
off and the furnace was opened and the load was removed. 
 When the specimen was cooled down to room temperature, the specimen was moved on 
an Instron machine to measure the uniaxial tensile properties (Figure 3.4). The 
longitudinal strain was measured by an extensometer with a resolution of 0.01 mm over a 
gauge length of 25 mm. 
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The interrupt creep-ageing tests (6 hours and 12 hours) were repeated for the test 
specimens prepared in the T4 condition using selected stress levels, e.g. 150.0, 175.0, 
200.0 MPa. Also, to compare the ageing effect in details, stress-free ageing of AA2219 was 
performed every 2 hours with the measurement of mechanical properties thereafter.   
 
Figure 3.4: Tensile experiment set-up after interrupted creep tests. 
 
3.3.4 Results and Discussion 
Figure 3.5 (i) showed the evolution of creep strain curve for AA2219 at 175 °C for a 
total duration of 18 hours, while Figure 3.5(ii) illustrated the creep evolution at the initial 
period (up to 1.2 hours). For stress level lower than 200 MPa, all creep strain curves show a 
similar trend. Similar to typical creep curves, these curves were characterized by a primary 
stage of decreasing creep rate followed by a secondary stage of constant creep rate. As shown 
in the figure, higher stress level results in higher creep strain rate. When the stress level is 
relatively low, e.g. stress level equals 100 MPa, the minimum creep strain rate is almost zero 
and the creep strain is very low.  
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(a) Stress levels from 75 MPa to 137.5 MPa  
 
 
 
(b) Stress levels from 137.5 MPa to 200 MPa 
 
 
 
(c) Stress levels from 200 MPa to 250 MPa 
 
 
 
(i) The Complete creep strain curve (ii) Creep strain curve up to 1.2 hrs 
Figure 3.5: Experimental creep strain curves obtained at (a) Stress levels from 75 MPa to 
137.5 MPa, (b) Stress levels from 137.5 MPa to 200 MPa and (c) Stress levels from 200 MPa 
to 250 MPa, for the ageing time up to 18 hours. 
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Comparing the results in stress level between 137.5 MPa and 200 MPa, more creep 
strains are observed. For example, at the end of the test, for a stress level of 150 MPa, the 
creep strain is approximately 0.46% while it is 1.32% for a stress level of 187.6 MPa.  
High initial stress levels induce a faster tertiary stage and accelerate the creep strain 
rate. For example, for a stress level of 212.5 MPa, tertiary creep occurred at 9.5AT   hours 
and the sample failed at 16AT   hours, while for a stress level of 250 MPa, there is no 
obvious secondary creep taking place; tertiary creep took place at approximately 0.2AT 
hours and the specimen broke after 1.2 hours.   
It can be summarized from the tests that the higher the stress level, the shorter the 
primary stage lasts and higher the initial creep rate reaches. While in the secondary creep 
stage, the minimum strain rate remained almost constant, and the effect of higher stress levels 
became weaker than that on the primary stage. In addition, with the further increase in stress 
level, tertiary stage creep may take place and it shortens the secondary creep.  
Figure 3.6 shows a plot of creep strain rate, , against stress, , for the tested material 
at initial and minimum creep stage for the stresses level between 75 MPa and 225 MPa. Four 
phenomena can be summarized from the figure. Firstly, the creep strain rate at the initial 
stage is higher than that at the minimum stage. Secondly, the creep rates at lower stress levels 
are smaller than that at higher stress levels. Thirdly, both initial and minimum creep strain 
rate increased with increase of stress level. Lastly, the relationship between stress and initial 
or minimum creep strain rate in log scale are linear for both cases. Thus, if a primary and 
secondary CAF test is performed for a stress level in between 75 MPa and 225 MPa, the 
creep strain rate is expected to lie between these two curves.  
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Figure 3.6: Experimental creep strain rates at the initial and steady state. 
 
Figure 3.7 shows the engineering stress-strain curves of crept samples aged at 175 °C 
for 18 hours, compared to the same samples aged in stress-free condition with different 
ageing time. It is noted that the effective ageing time, AT , initiates when the testing 
environment stabilized at 175 °C after 1 hour. Thus, an AA2219-T4 material (as quenched) is 
tested to compare with the other condition samples. From free-stress ageing curves, the 
strength increased with ageing time. The strength increased significantly during the first 6 
hours and slowed down thereafter. After 12 hours of ageing, there is no significant increase in 
the strength properties, compared to the stress-free samples aged for 18 hours. While for 
stress-ageing samples with 18 hours ageing, further increase in strength can be observed. 
Higher stress level crept specimen result in higher strength properties. In addition, higher 
strength properties corresponded to lower ductility. 
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Figure 3.7: Comparison of stress-strain relationships of AA2219 treated at different creep-
ageing conditions.  
Plots of yield stress, ultimate tensile strength and elongation (up to ultimate tensile 
strength) as a function of ageing time at 175 °C for both stress-ageing and free-ageing 
condition are illustrated in Figure 3.8. Referring to Figure 3.8(a), the yield stress (0.2% proof 
stress) increases more quickly under stress-ageing conditions compared with stress-free 
condition at the initial ageing state e.g. 6 hours. The yield stress changes from 262 MPa to 
309 MPa when the applied stress level varies from 150 MPa to 200 MPa after 6 hour stress-
ageing, while the yield stress is only 243 MPa for stress-free-ageing at the same ageing time. 
In addition, the ageing time to each peak value decreases obviously with increasing applied 
stress level. The peak ageing time is approximately 20 hours for stress-free conditions, 
around 18 hours for stress-ageing at 150 and 175 MPa. In terms of ultimate tensile strength 
(Figure 3.8(b)), the initial increase in strength giving rise to a fast increasing rate after a 
relatively short period, and then the increase of yield stress begins to decrease rapidly. For 
example, the UTS of free-stress condition increased from 345 MPa to 405 MPA after 6 hours 
ageing and it increased only 9 MPa after another 6 hours. The increase in UTS is not as 
significant as the increase in yield stress. The peak UTS values achieved at an ageing time of 
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18 hours were 417, 426, 432, 440 MPa for stress free conditions at initial stress 150, 175, 200 
MPa conditions. After 18 hours, the UTS decreased with the ageing time. From Figure 8(c), 
the elongation at UTS deceased with increasing of ageing time for both stress-free and stress-
ageing condition. Moreover, elongation decreased with the increasing of experiment applied 
initial stress at the same ageing time. When ageing time equals 18 hours, the elongation were 
12.41%, 10.43%, 7.67%, 6.1% for stress-free condition, 150 MPa, 175 MPa, and 200 MPa 
respectively.  
(a)  
 
(b)  
 
(c)  
 
 
Figure 3.8: Comparison of (a) yield stress, (b) ultimate tensile stress (UTS) and (c) 
Elongation for AA2219 at different creep-ageing conditions at UTS. 
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3.4 Stress-Relaxation test 
Stress induced in forming of large curvature components is sometimes very high and 
the stress level at or close to the sheet surface may significantly exceed the material yield 
strength. In a CAF process, stresses will be relieved by thermal exposure. The higher the 
initial stress level, the higher the stress relaxation rate that can be achieved. As time goes on, 
the stress relaxation rate will decrease according to a pattern of power law or sinh law. Stress 
relaxation behaviour dominates during the early period of CAF. Similarly, tests were 
performed to investigate the stress relaxation behaviour of AA2219 at a temperature of 
175 °C .   
3.4.2 Experimental equipment 
Uniaxial stress relaxation was carried out on an Instron 5588 machine available in the 
PACT lab at Imperial College London. The machine has a maximum load capacity of 150 kN. 
An Instron environmental chamber (Model No.EC1613A, 550×215×460 mm internal 
dimension), was used to provide the constant heating for the specimen. During the test, a 
thermocouple was tied on the centre of the specimen surface to monitor the temperature. The 
load, displacement and force data were logged to the computer and recorded through the 
experiment. Figure 3.9 shows the experimental setup for stress relaxation test.  
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Figure 3.9: Stress relaxation ageing experiment set-up.  
3.4.2 Experimental procedures 
The specimens used were prepared in the same condition to the specimen used in the 
creep-ageing test. Prior to the experiment, the T4 condition specimens were stored in a steady 
15 °C  place to avoid nature ageing. 
Stress relaxation tests were carried out for five target stokes, where the initial 
engineering stress reached 125, 150, 175, 200, 225 MPa. The total duration for each test was 
18 hours. The experimental procedures are described below: 
 The specimen was fitted into the screw grips. The cross head connected to the screw 
grips was adjusted slowly and carefully in stretching direction, so that specimen was just 
tight in place and any slack was removed. 
 The furnace was closed and the heating was switched on. Super wool was used to cover 
the top and bottom of the furnace to reduce heat loss. The heating took up to 1 hour for 
the specimen and connected grips stabilized at 175 °C . This action avoided the thermal 
expansion effects on the specimen clamping tools, which would release the clamping 
force between the specimen and tools in tension direction and result in errors in the 
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measurement.      
 Thereafter, a preload of 25 N was applied to make sure that no slipping would occur 
during the test, which would have affected tension loading results later. 
 Once the preload was achieved, the specimen continued to be loaded at a constant cross 
head stroke rate 2 mm/min, until the target initial stress was achieved.  
 When the target initial stress was achieved, the cross head was kept at the same position, 
while the stress relaxed. Throughout the experiment, the force/stress history was 
recorded every 10 second initially for the first hour and then increased to 30 seconds for 
the rest of the experimental period. 
 After 18 hours, the recording was stopped and the results were processed.  
3.4.3 Results and discussions 
Figure 3.10(a) shows the complete stress relaxation experimental curves for AA2219 at 
175 °C . For a better illustration, stress relaxation at the initial period (up to 1.2 hour) is 
shown in Figure 3.10(b). The initial stress levels are 125, 150, 175, 200, 225 MPa. Each 
curve represents the average stress relaxation result of two specimens. The differences in the 
measured stress relaxation curves between the two specimens for each stress level are no 
more than ± 8.2 MPa. 
Assuming the change of cross-sectional area is negligible, the stress was obtained by 
dividing the force with the initial cross-sectional area. As illustrated in Figure 3.10(b), the 
stresses increased at a constant rate initially. Once the target stresses are achieved, the stress 
curves dropped dramatically in the first hour followed by a gentle decrease. At this stage, the 
relaxation rate is mainly dependent on the initial stress level, the higher the initial stress is, 
the higher the stress relaxation rate achieved. For example, for initial stress of 225 MPa, the 
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stress relaxation rate was 148 MPa/h. While for initial stress of 150 MPa, the stress relaxation 
rate was only 24 MPa/h. Referring to Figure 3.10 (a), it represents a relatively long period of 
18 hours: all the stress relaxation rates decreased to a relatively constant value. It can be also 
observed that the relaxed stresses are 112 MPa (Initial stress, 225 MPa), 108 MPa (Initial 
stress, 200 MPa), 106 MPa (Initial stress, 175 MPa), 105 MPa (Initial stress, 150 MPa), 103 
MPa (Initial stress, 125 MPa) after 18 hours ageing. From these stress relaxation behaviours, 
it is believed that all the curves would eventually meet each other for a longer ageing period. 
(a) 
 
 (b) 
 
Figure 3.10: The stress relaxation behaviour of AA2219 at 175 °C  for (a) the whole test 
period, and, (b) at the initial stage of the tests.  
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The schematic diagram in Figure 3.11 shows the stress-strain and the corresponding 
stress-time during a CAF process. The stress relaxation may be due to the thermally activated 
diffusion, dislocation recovery and creep. When stress relaxation takes place resulting from 
thermal exposure, the stress level of the material drops sharply from the maximum stress in 
the initial period of the test. The relaxation rate decreases as the stress level decreases. If the 
stress relaxation takes for a longer time, all the stress levels are expected to relax to a critical 
value c . As shown in Figure 3.11, when stress relaxation occurs largely in the elastic-region, 
stress level reduces from 2  (below 0.2% proof stress) to c . The total strain, 1T , remains 
constant through the period of time. The amount of the inelastic strain, 1C , retained by the 
material after CAF indicates the permanent deformation. In terms of stress relaxation takes 
place at plastic region, stress level drops significantly from 1  (above 0.2% proof stress) to
c . The total strain, 2T , is the constant value throughout the period of ageing. The residual 
elastic strain, 2e , springs back after unloading. The permanent deformed shaped is 
characterized by the amount of inelastic strain, 2P , and 2C . Also, the residual stress levels 
during CAF are expected to achieve the same level, which improves component shape 
stability after unloading. 
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Figure 3.11: Stress relaxation ageing behaviour of the material.  
 
3.5 Summary 
Creep age forming consists of a combination of age-hardening, creep, and stress 
relaxation. Creep-ageing and stress relaxation experiments have been carried out in this 
research to investigate and study the material behaviour of AA2219 in T4 condition subject to 
CAF. 
In the creep-ageing experiments, the creep ageing deformation of the material is very 
similar to the primary creep behaviour in conventional creep deformation. The material 
shows a lot of hardening during the test, because the material initially is not artificially aged, 
the material is soft or 'less strong'. The constituents of the material precipitate upon thermal 
exposure and creep deformation induced hardening increases the strength but deceases the 
ductility of the material by the end of the test. 
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In stress relaxation experiments, the stress level of the material drops sharply from the 
maximum stress at the initial period of the test. The relaxation rate decreases as the stress 
level decreases. This kind of relaxation pattern can be modelled using a power law or sinh 
law. It is also noted that for a long period time, all the stresses are expected to relax to a 
similar level at a critical load. 
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Chapter 4                                            
Constitutive Modelling of Creep Ageing 
Behaviour of Aluminium Alloy 2219 
 
4.1 Introduction 
CAF is a hybrid process of forming and age-hardening. During CAF, the evolution of 
mechanical properties of the material is complicated because age-hardening occurs 
simultaneously with creep deformation. Thus ‘creep-ageing’ behaviour in CAF is different 
from that of conventional creep behaviour. Based on the experimental investigation of the 
creep-ageing behaviour of AA2219 in Chapter 3, a set of physically-based, unified 
constitutive equations (developed by Zhan et.al [53]), which enables the modelling of the 
evolution of both physical and mechanical properties of the material in CAF, has been adopt 
in this chapter. The material constants within the equations are fully determined from 
experimental data of AA2219 using an evolutionary algorithm. The material model has been 
integrated with the commercial FE solver ABAQUS via user defined subroutine, CREEP, for 
CAF process modelling. In addition to springback and stress relaxation, the evolution of age 
hardening and evolution of yield stress during CAF were predicted.     
 
4.2 Age-Hardening Mechanism 
4.2.1 Age hardening 
Age-hardening or ageing refers to a mechanism that takes place at the artificial ageing 
stage of a heat treatment process, which is commonly used to improve the mechanical 
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properties of commercial aluminium alloy. It is only applicable to heat-treatable aluminium 
alloys, including aluminium alloys 2XXX (Al-Cu), 6XXX (Al-Mg-Si) and 7XXX (Al-Zn), 
which are commonly used for aerospace and automotive applications [45, 91] .  
4.2.2 Heat treatment 
The purpose of heat treatment is to alter the mechanical strength of an aluminium alloy: 
either to make the alloys soft and ductile for forming operations, or to make the alloys strong 
to achieve a specific mechanical strength. It is designed to alter the mode of occurrence of the 
soluble alloying elements, particularly copper, magnesium, silicon and zinc, which can 
combine with one another to form inter-metallic compounds in the form of fine distributed 
precipitates [92-94]. Figure 4.1 (a) shows the Al-Cu phase diagram for heat-treatable 2XXX 
series aluminium alloy. Typical heat treatment involves the following stages [95, 96]:  
 Solution heat treatment (SHT) at high temperature, T0, within the single phase 
region, to dissolve the alloying elements. 
 Rapid cooling or quenching across the solvus line, usually to room temperature. 
This leads to a meta-stable supersaturated solid solution (SSSS) at T1. Equilibrium 
structure should be  , but limited diffusion does not allow  forming.  
 Ageing heat treatment, where SSSS is heated to T2. SSSS decomposes to form a 
finely dispersed precipitate. This stage is usually achieved by artificial ageing. 
Figure 4.1(b) shows a typical temperature profile during a full heat treatment process. 
Because of complex interactions that take place during the processes of heat-treatment, 
different alloys have different characteristics that need appropriate selection and control of 
the heating operations and specific combinations of temperature and time [95, 96].  
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(a) 
 
(b) 
 
Figure 4.1: (a) The Al-Cu phase diagram for heat-treatable 2XXX series aluminium alloy,(b) 
A typical temperature profile for the heat treatment based on Al-Cu phase diagram [95]. 
 
4.2.3 Microstructure evolution of age-hardening mechanism   
The ageing behaviour of 2XXX aluminium alloys under isothermal heat treatment has 
been examined in detail by several researchers [97-99]. The generally accepted ageing 
sequences is:   
'' '
0 1 2 3 4GP                
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where α is the single phase solution of Al and Cu , GP is the Gruinier-Prestion zones. ''  and  
'  are transitional phases of the inter-metallic precipitates  , CuAl2. The subscripts on 
refers to the decreasing Cu composition in the  -phase as it precipitates out of solution. The 
microstructure evolution sequence for Al-Cu system is shown in Figure 4.2. 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
Figure 4.2: Transmission electron micrographs of precipitation sequence in AA2219, (a) GP 
zones at 720,000×, (b) '' at 63,000×, (c) ' at 18,000×, (d)  at 8,000× [100]. 
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4.2.4 Representation of precipitates formation and growth   
Upon ageing, the quenching process retains the supersaturated solid solution within the 
aluminium matrix. At the early stage of ageing, ordered and solute rich clusters, so called GP 
zones, forms. GP zones are only 1 or 2 atom planes in thickness and retain a similar crystal 
structure to that of the Al matrix and are coherent. Because of this, their interfacial energy is 
low, making their nucleation easy. GP zone formation increases the hardness of the alloy, but 
because the GP zones are small and coherent, they can be cut by dislocations. During this 
stage, the initial precipitates ''  increases drastically with time and it is disk-shaped and fully 
coherent with the matrix. Both the GP zone and '' are weak and coherent and thus shearable 
by moving dislocations. Further ageing leads to coarsening of the microstructure, the ''
phase is replaced by the more stable phase ' and is semi-coherent with the Al matrix. 
During this stage, the size of the precipitates increases and the number of constituents in the 
matrix phase steadily decreases, approaching the equilibrium value. Large incoherent 
precipitates are formed near the peak hardness and are not shearable by dislocations. A 
change in the dislocation-strengthening mechanism from the particle shearing to bypassing 
via Orowan looping takes place as the coarsening process proceeds. In addition, precipitate 
free zones will form adjacent to the grain boundaries because of the nucleation and growth of 
coarse precipitates at the grain boundaries. The microstructure thus becomes inhomogeneous 
and quite complex when the material is age hardened [101-103]. Figure 4.3 shows the 
schematic ageing precipitates for 2XXX series aluminium alloys at different ageing stages. 
The dark and more or less disc-shape particles are the   precipitates. The morphology of 
these disc-shaped particles are defined by a parameter A , which means the mean ratio of 
radius to half length for the disc-shaped precipitates in 2XXX series aluminium alloy [101, 
104].  
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Figure 4.3: Age hardening mechanism for creep age forming of AA2219. 
 
4.2.5 Modelling of the evolution of disc-shape precipitates  
The evolution of geometric characteristic of precipitates as a function of ageing time 
and temperature for aluminium alloy with disc shaped precipitates has been modelled by 
several researches [101, 105-110]. Following the classical nucleation theory, the nuclei form 
as a result of localized compositional fluctuations that occur statistically within the 
supersaturated matrix [108, 111]. For homogeneous nucleation, the nucleation rate is 
expressed as: 
 48 
 
exp( ( / ))g b
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  
   (4.1) 
where pN  is the precipitates density, gR  is the gas constant, mV  is the molar volume of 
precipitates, T  is the ageing temperature, G  is the critical activation energy for 
precipitation, bk  is the Boltzmann constant, Z  is the Zeldovich’s factor,   is the parameter 
for precipitates growth. The volume fraction of precipitates could be calculated as below: 
0v pf V N   (4.2) 
where 0V  is the average volume of the precipitates. 
 Previous models have also characterized the thermodynamics and kinetics (nucleation, 
growth and coarsening of the precipitates) for precipitation processes. For example, Hou et al. 
[112] developed a thermodynamically-based precipitation model, employing the classical 
nucleation and growth theories. This was adapted to deal with the precipitation kinetics of 
aged Al-Cu-Mg-Ag alloys. The model gives an estimation of the precipitation kinetics 
(evolution of radius and density of precipitates for both   and   phases) of the alloy. Liu et 
al. [101, 105] made an attempt to describe the precipitates evolution and yield strength as a 
function of process parameter for aluminium alloy with disc-shaped or rod-shaped 
precipitates. In his model, the homogeneous growth of disc-shaped precipitates, the radius of 
the disc plane ( r ) and the half-length of the peripheral plane ( l ) will be varied with the 
ageing time (T ).    
22
3
l A DT   (4.3) 
2
3
r DT   (4.4) 
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The volume fraction ( vf ) of disc-shape precipitates can be expressed as: 
*
3 *
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f r LN Z T
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


   (4.5) 
where A  is the aspect ratio of disc shaped precipitate ( /r l ),   is a dimensionless growth 
parameter which is in proportion to the super-saturation 0( ) / ( )e P eC C C C    and can be 
calibrated by the formula of / Ap A   with Ap being a factor. L  is the Avogadro number, 
0N  is the number of mole by unit volume, Z  is the Zeldovich’s factor, T is the ageing 
temperature, *G  is the critical activation energy for precipitation, the parameter of *  can 
be expressed as * * 2 404 ( ) / lr DC a   with D  being the diffusion coefficient of solute atom 
in solvent, la being the lattice parameter and 
* 2 / Vr F   is the critical radius of the 
precipitates. In the formula of *r ,  is the precipitates-matrix interfacial energy and VF  is the 
driving force per mole of solute atom to precipitate from super saturated solid solution: 
0 0/ [ ( / ) (1 ) (1 ) / (1 ))]V g at p e p eF R T C ln C C C ln C C       (4.6) 
where at is the molar volume of precipitates and 0C , eC  and pC are the mean solute 
concentrations by atom percentage in matrix, equilibrium precipitate-matrix interface and 
precipitates, respectively. 
It is assumed here that the growth stage of the precipitates is terminated once the excess 
solute atoms are exhausted totally. At the moment, defining mT T and mr r then the 
maximum volume fraction of precipitates is obtained: 
*
3 * 0
0
2
exp( ) em m
C P
mv
C CG
r LN Z t
A kT C
f



    (4.7) 
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Some relevant researches on simplifying the characterization of ageing disc-based 
precipitates aluminium alloy have been taken. For example, Zhang et al. [110] modelled the 
creep age forming of heat-treatable strengthening aluminium alloy containing disc shaped 
precipitate. In terms of describing the precipitates fraction, a more general parameter, 
normalized volume fraction is used here:  
*
v
v
v
f
f
f
   (4.8) 
where vf  is the current volume fraction of precipitates and 
*
vf is the maximum volume 
fraction. The volume fraction of disc shaped precipitates in ageing process is uniformly 
expressed as: 
1
1
2
1 (1 )
w
vn n
v vw
E l l
f f
A
    (4.9) 
 where vf  is the growth rate of the normalized volume fraction, A is the aspect ratio ( /r l ). 
1E , 1w , 2w , 1v are material constants, nl is the growth rate of the characteristic size of 
precipitate and is expressed as:  
2 2
2 1( ) exp( )
v
n n
g
Q
l E Q l
R T

    (4.10) 
where 1Q , 2E , 2v  are material constants, 2Q  is the activation energy related to the growth of 
precipitates.  
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4.2.6 Mechanisms of age hardening  
The ageing process enhances the yield strength of a heat treatable alloy. Figure 4.3 
shows a schematic diagram of relative contribution to the yield strength of an aluminium 
alloy 2219 and corresponding microstructure evolution. At initial stage, the quenching 
process retains the solute atoms within the aluminium matrix to obtain supersaturated solid 
solution (SSSS) within the aluminium matrix as there has been insufficient time for the 
precipitates to nucleate in the quenched aluminium alloy. The initial yield stress would reflect 
the contributions of the intrinsic stress and solute hardening. At the early stage of ageing, 
ordered and solute rich clusters, namely GP zones, form. The yield strength of material starts 
to increase as the precipitates starts to nucleate and coarsen. As the coarsening process 
proceeds, the amount of solute atoms in the matrix decreases. This matrix results in a 
decrease in the solute hardening. However, the decrease in solute hardening is more than 
offset by the increase owing to dispersion hardening. Therefore, the overall strength of the 
material continues to increase with time as precipitates continue to grow. Eventually the GP 
zones are replaced by the ''  phase, further replaced by the '  phase, and finally the stable   
phase. There is no further decrease in strength owing to the decrease in the amount of solute 
elements in the matrix, as it has reached its equilibrium value. Precipitation hardening will 
reach a peak value at this stage as further nucleation and coarsening of precipitates would 
reduce the pinning effect of the precipitates. 
As the precipitates become large, the coherent precipitate will lose their coherency and 
the dislocation-precipitate will be diminished. In addition, the decreasing number of 
precipitates and increasing inter particle distance cause a decrease in the precipitates 
hardening and an overall decrease in the strength of the material. Thus, the strength of the 
material will reach a maximum value and begin to decrease. As coarsening continues, the 
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material’s strength will continue to decrease [98, 113, 114]. Another mechanism contributing 
to hardening is dislocation, which is generated due to creep deformation. At the ageing 
temperature, annealing takes place, which reduces the dislocation density. Thus the 
dislocation density reaches a saturated condition at the end of primary creep. This indicates 
that dislocation hardening increases quickly at the initial stage of CAF. Dislocations provide 
the nucleation sites for precipitates which accelerate the precipitate nucleation and growth. At 
high stress levels creep is higher, thus dislocation density is higher, which leads to a shorter 
ageing time. The interaction between age hardening and dislocation motion hardening is 
significant [62]. 
 
4.3 Development of unified creep ageing constitutive equations 
4.3.1 Unified uniaxial creep-ageing constitutive equations 
   Zhan et al. [62] proposed a set of constitutive equations to model the creep ageing 
hardening behavior of AA7055. The equations were formulated based on the earlier work by 
Ho etc. [54, 55], which is based on the assumptions that the precipitates are in the form of 
spherical shape for 7XXX aluminium alloys. This is the material phenomenon based 
constitutive equations and has been successfully used to model the creep ageing hardening 
behaviour of 7XXX aluminium alloys. The creep ageing constitutive equations presented in 
[62] are adopted here to model the creep ageing behaviour, stress relaxation and dynamic 
ageing hardening for AA2219, where the precipitates are in the form of disc shape. For the 
convenience of discussion, the equations are summarised here first. 
           1 1 0sinh{ [ (1 ) ]} { }c yA B k sign        (4.11) 
 53 
 
 1(1 )mA AC A A    (4.12) 
 2 ( 1)mss ssC A A    (4.13) 
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n
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    (4.14) 
 2 2ssY A dis       (4.15) 
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 53(1 )
m
c pA C       (4.17) 
where A1, B1, k0, CA, m1, CSS, m2, A2, n, Cr, Q, m3, 0 , m4, A3, Cp, m5 are material constants.  
Equation (4.11) describes the evolution of creep strain. Creep rate is not only a function 
of stress,  , and dislocation density,  , but also a function of ageing (precipitation) 
hardening, A , the solute hardening, SS , and dislocation hardening, dis , which altogether 
contribute to the material’s yield strength Y , which varies during a CAF process.  
In the present model, the yield strength, Y , derives from three mechanisms, dis , A  
and SS . In terms of expression the evolution of precipitates size, two problems arise: first, 
the initial precipitate volume and shape are difficult to determine which vary in different 
aluminium alloys. Secondly, according to classic ageing mechanisms, in addition to 
precipitate size, the inter-particle distance is another important factor to influence precipitate 
hardening behaviour and this should also be considered in the hardening equations. Thus a 
more general parameter, normalized mean ratio of disc-shape precipitates, is introduced here: 
 
C
A
A
A
  (4.18) 
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where A  means the mean ratio of radius to half length for the disc-shape precipitates in 
2XXX series aluminium alloy [72, 101]. CA  is the mean ratio at peak ageing state, which 
considers the best match of precipitate size and spacing for the alloy. When 0 1A  , the 
alloy is in the under-ageing state; 1A  , represents peak-ageing  and 1A  denotes over-
ageing. This approach simplifies the modelling process significantly. The evolution of the 
normalized mean ratio of precipitates is given in equation (4.16). 
The term (1 )  in Equation (4.11) is used to model the primary creep, which is the 
contribution of dislocation density to creep rate. This is the same as strain hardening effect on 
creep. But the dislocation density variation is related to dynamic and static recovery, in 
addition to creep deformation. A detailed description of the normalised dislocation density 
will be given later.  
Equations (4.12) and (4.13) represent the evolution of age hardening and solute 
hardening, which are described in terms of normalized mean ratio of disc-shape precipitates, 
A  and its evolutional rate A  (equation (4.16)). The strengthening contribution from the 
precipitates can arise from a variety of mechanisms, such as chemical hardening, coherency 
strain hardening, etc. However, the overall strengthening contribution from various 
mechanisms is summarized in Equation (4.12), where AC  describes the interaction between 
dislocations and shearable precipitates. Equation (4.13) shows the contribution from solid 
solution strengthening (solute hardening), where resistance is caused by solute atoms to 
obstruct dislocation motion. Refer to Equation (4.13), SSC  is a constant related to the size, 
modulus and electronic mismatch of the solute; 2m  describes the depletion of solute elements 
into precipitate. As the concentration of the solute atoms decreases, the solid solution 
strengthening decreases, acting as a ‘softening’ mechanism. Equation (4.14) describes the 
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evolution of dislocation hardening, which is a function of normalized dislocation density  , 
which is defined by [115]:  
 
m
i




  (4.19) 
where i  is the dislocation density for the virgin material (the initial state), and m  , the 
maximum (saturated) dislocation density that the material could have. Thus the actual 
dislocation density   ranges from i  to m . This results in that the variation of normalized 
dislocation density,  , ranges from 0 (the initial state) to 1 (the saturated state) in the 
condition that i << m . The evolution of the normalized dislocation density is given in 
equation (4.17). The first term in Equation (4.17) represents the development of dislocation 
due to creep deformation and the dynamic recovery. The second term gives the effect of static 
recovery in the dislocation density at elevated temperature [115]. 
Combining Equations (4.12), (4.13) and (4.14), gives Equation (4.15), the individual 
contribution of each hardening mechanism on the overall yield strength for the material 
during ageing process. The key feature of Equation (4.15) is that the yield stress, Y , changes 
dynamically during the creep ageing period due to age and dislocation hardening. This 
feature could not be modelled using the conventional visco-plastic constitutive 
equations  [116]. 
Equation (4.16) describes the evolution of the mean ratio of disc-shape precipitates 
during the isothermal ageing condition. As precipitates evolve or grow monotonically during 
isothermal ageing, the coarsening kinetics of the ageing mechanism can be modelled using a 
normalized mean ratio of disc-shape precipitates growth equation (4.16), in which the 
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nucleation and growth of precipitates are related to the dislocation density described in 
Equation (4.17). Since CAF is a combination of creep deformation and age-hardening, 
Equation (4.16) includes the dislocation density effect to describe the dynamic ageing 
behaviour. That is as the normalized dislocation density (or creep deformation) increases, the 
age-hardening effect increases. The effect of the dislocation density (or creep deformation) 
on precipitate nucleation and growth is controlled by the parameters 0  and m4 in the 
equation. For stress-free aging conditions, the normalized dislocation density is zero, thus 
Equation (4.16) models only the static ageing behaviour. The form of Equation (4.16) was 
chosen due to its several advantages. First, normalized mean ratio A  is used to substitute 
conventional mean ratio of radius to half length A , which can give a synthetic consideration 
of the effect of both precipitate size/shape evolution and inter-particle distance if an optimal 
precipitate size, referring to peak ageing strength of different aluminium alloys can be 
provided. Second, to avoid numerical difficulties, normalized precipitate mean ratio, is placed 
as a numerator instead of a denominator. Third, the term, Q , a material constant for a given 
alloy, is used to represent the saturation limit for depletion of copper solute atoms within the 
aluminium matrix. In a practical ageing mechanism, when the depletion of copper solute 
atoms eventually reaches its saturation value, precipitation will stop; hence the precipitate 
will stop growing. Fourth, the power term, 3m , gives flexibility to the equation as different 
alloys behave differently. Most importantly, Equation (4.16) is capable of describing both 
static and dynamic ageing behaviour while conventional precipitate growth equations can 
model only static ageing behaviour. 
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4.3.2 Model calibration from experimental data 
The material constants in proposed creep aging constitutive equations were determined 
by fitting experimental data of both creep ageing curves and yield strength variations at 
different stress levels using evolutionary algorithms (EA) based on optimisation methods [116-
119]. To simplify the determination process and speed up convergence, the whole process was 
divided into three stages below and an evolutionary-algorithm-based fitting software has been 
developed to help obtain the material constants efficiently (The software is developed by Dr. 
Pan Zhang from Imperial College London). 
Step 1: Determination of material constants related to normalised precipitate size using 
experiment results of yield strength evolution with time under stress-free condition (0 MPa), as 
shown in Figure 4.4. 
Step 2:  Determination of material constants related to yield stress using experimental 
results of yield strength evolution with time under different stress level, as shown in Figure 4.4. 
Step 3: Re-evaluate all pre-determined material parameters according to the 
experimental creep data and yield strength data, optimise the pre-determined material 
parameters in Step 1-2 to obtain the best-fit results, as shown in Figures 4.4 and 4.5. 
 
Figure 4.4: Comparison of experimental (symbols) and computed (solid curves) yield 
strength variation at different stress levels. 
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 (a) 
 
(b) 
  
Figure 4.5: Comparison of experimental (symbols) and computed (solid curves) creep ageing 
curves for a range of stress levels for (a) a full creep ageing test duration (b) up to 1.2 hour 
duration. 
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By performing the above-mentioned steps, the material constants in the unified 
constitutive equations were determined and listed in Table 4.1 when the stress level is below 
210 MPa and Table 4.2 when the stress level is above 200 MPa (Stresses level between 200 
MPa and 210  MPa can use either  Table 4.1 or Table 4.2). It is noted that these equations can 
only model the primary and secondary creep and it is not suitable to model the tertiary creep. 
When the stress is 225 MPa, tertiary stage occurred obviously at 3.5AT   hours, the unified 
constitutive equations failed to model the tertiary creep strain behaviour after 3.5AT   hours. 
The equations are only suitable to model the primary and secondary creep strain behaviour due 
to the usage of sinh law. In CAF, creep is a favoured process to form the parts, tertiary creep is 
not expected, because it results in damage and failure of the materials. Also, the determined 
two sets of   material constants are not unique values and both sets are used to be implemented 
into the constitutive equations with the aim of getting the best fitting between the computed 
and experimental data. It is too difficult to use one set of parameters to capture all the curves, 
because when the initial stress is above 212.5 MPa, the primary creep rate increased 
significantly, tertiary stage creep takes place and it shortens the secondary creep. The creep 
strain behaviour changed significantly after 212.5 MPa.   
Table 4.1: Constants in the CAF constitutive equations for AA2219 under a stress level 
of   212.5 MPa at 175 °C.  
1A  (h
-1) 1B  (MPa) 0k  AC (MPa) 1m  ssC  (MPa) 2m  n  2A  
3.0E-8 0.0825 0.078 50.1 0.42 15.0 0.85 0.9 520 
rC  (h
-1) Q  0  3m  4m  3A  pC  5m   
0.032 1.76 2.7 1.6 2.1 65 0.182 1.01  
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Table 4.2: Constants in the CAF constitutive equations for AA2219 above a stress 
                  level of 200 MPa at 175 °C.  
1A  (h
-1) 1B  (MPa) 0k  AC (MPa) 1m  ssC   (MPa) 2m  n  2A  
1.6E-10 0.101 0.08 50.1 0.42 15.0 0.85 0.9 520 
rC  (h
-1) Q  0  3m  4m  3A  pC  5m   
0.032 1.76 2.7 1.6 2.1 35 0.318 1.01  
 
4.3.3 Modelling results and discussions 
Having determined all material constants, the proposed set of constitutive equations has 
been tested for its capability to predict the creep-age response for AA2219 at 175 °C  for a 
number of different stress levels with ageing duration of 18 hours. Figure 4.5 shows a 
comparison of the predicted and experimental creep stains for different stress levels. It can be 
observed that very close agreement is achieved. The accumulated error is less than 1.68%. 
However, the model is insufficient to model the tertiary stage of creep due to the nature of 
sinh-law (when applied stress is greater than 212.5 MPa). Good acceptable agreement between 
experimental and computed data has been obtained at primary and secondary stage of creep 
and CAF is a process which are the only two stages expected to occur during CAF. 
   The symbols and solid curves in Figure 4.4 show the measured and modelled yield 
stress evolution for different stress level conditions after interrupt creep test ( 0  , 150, 175, 
200 MPa). It should be noted that at 0T   hour, all four curves have the same yield stress 
value of 165 MPa. Close agreement between experimental and modelled results shows that 
the developed constitutive equations are capable of modelling the creep-ageing behaviour of 
AA2219 at 175 °C for the duration of 18 hours.  
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 A more detailed prediction of AA2219 hardening mechanism is presented in Figure 4.6 
at stress-ageing ( 150   MPa) and free ageing conditions ( 0   MPa). It can be seen that 
the dislocation hardening, dis , which is zero at stress free ageing conditions, however, for 
stress ageing conditions, it increases quickly at the beginning and then reaches its peak value 
in about 1.5 hrs at 50 MPa, then it decreases slowly due to the combined effects of 
dislocation generation during creep deformation and annihilation effects of dynamic recovery 
static recovery at high temperature. ss , decreases quickly from the very beginning to 
8T    hours, and then remains a slowly decreasing trend until reaching its saturation point 
for both conditions.   , for stress free conditions, increases monotonically with time until it 
reaches the peak ageing time 22T   hours, while for stress ageing condition,    arrives its 
peak value at around 20 hour and then decrease due to the formation of large incoherent 
particles and lead to an over-ageing status. For creep ageing under stress free conditions, the 
material’s yield strength, Y , reaches a value of 292 MPa at its peak ageing time 
( 22T    hours); for stress level 150   MPa, Y  is 308 MPa at 18T  hours near its peak 
ageing time ( 18.5T   hours). For all cases, the yield strength of the material has increased by 
approximate 80% during ageing. 
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Figure 4.6: Predicted creep age hardening behaviour at σ = 0 MPa (solid curves) and σ = 150 
MPa (dashed curves). The experimental data are shown as symbols. 
 
To validate the effectiveness of the developed material model in the FE code, the stress 
relaxation behaviour has been predicted using the determined constitutive equations by 
performing creep deformation in a single element using ABAQUS. The predicted curves are 
compared with the experimental data in Figure 4.7(a) and (b). Overall, it can be observed that 
close agreement is achieved between predicted and experimental data with a maximum error 
of 11.76%. Referring to Figure 4.7 (b), for a time more than 1 hour, the predicted stress level 
is slightly lower than that of experimental data. This might be due to the constitutive model 
being less sensitive to the stress level lower than 137.5 MPa and therefore the time-dependent 
creep effect is not significant. From the results, the stresses relaxed significantly for time 
greater than 1 hour. At this stage, all the stresses are relaxed to a similar level. 
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Figure 4.7: Comparison of experimental (symbols) and predicted (solid curves) stress 
relaxation for (a) up to 2 hours duration; (b) 1 to 18 hours duration for five initial stresses of 
225 MPa, 200 MPa, 175 MPa, 150 MPa and 125 MPa. 
 
4.4 Multi-Steps Springback Simulation Procedure 
4.4.1 Details of the FE model 
A finite element model has been developed to represent the cylindrical die and work 
piece under uniform loading condition in ABAQUS, as schematically illustrated in Figure 4.8. 
The CAF simulation consisted of holding a 6 mm thick, initially flat rectilinear rectangular 
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shaped workpiece (dimension: 200  × 50 × 6 mm) of  aluminium alloy AA2219 against the 
die surface, and subsequently creep age-forming it at a constant temperature of 175 °C for 
18  hours. The die surface has a radius of 150 mm and was modelled as a rigid body. Four 
node reduced integration shell elements were employed to model the workpiece. A friction 
coefficient of 0.1, which is related to the contact pair, was assigned at the tool/workpiece 
interface to simulate the non-lubricated contact between the workpiece and the die. For the 
convenience of locating the workpiece on the tool surface and avoiding potential problems in 
convergence in the implicit forming simulation, four ground springs with stiffness of       
1×10-6 N mm-1, which can be compressed to zero volume, were used to support the weight of 
the workpiece at its corners, as shown in Figure 4.8. The die was meshed by using discrete 
rigid model. This is the due to the contact pressure can only be predicted on discrete rigid 
model rather than analytical rigid model in ABAQUS. Mesh convergence studies have been 
performed for the simulations with different size of mesh e.g. 15 mm, 10 mm, 5 mm and 4 
mm. Good agreements have been obtained by using the mesh size of 5 mm and 4 mm. In this 
simulation, a mesh size of 4 mm is applied. Mesh convergence studies have been performed 
on all the simulations in this thesis in order to guarantee that enough elements are used to get 
a convergent solution. A detailed convergence study is shown in the Appendix to investigate 
the effect of implementation different mesh size.  
 
Figure 4.8: FE model with boundary and loading conditions. 
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4.4.2 Multi-axial constitutive equations 
In a manner similar to that for creep deformation [120], the uniaxial sinh-law equations 
can be generalized by the consideration of a dissipation potential function. First consider the 
creep strain rate equation (4.11) without the hardening and other state variables which then 
reduces to  
 1 1sinh( )c A B   (4.20) 
Equation (4.20) can be generalized for multi-axial conditions by assuming an energy 
dissipation potential of the form 
 1 1
1
cosh( )e
A
B
B
   (4.21) 
where  
1 2
3 / 2e ij ijS S   is effective stress and 3ij ij ij kkS      are stress deviators.  
Assuming normality and the associated flow rule, the multi-axial relationship is given by  
  1 1
3
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2
c
ij ij
e
ij e
d SA
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dt S
 

 
 
   
 
 (4.22) 
On re-introduction of the hardening and grain growth variables the effective inelastic 
strain rate p for the sinh-law material model can be written as: 
 1 1 0sinh{ [ (1 ) ]}e yp A B k      (4.23) 
Then the set of multi-axial viscoplastic constitutive equations, integrated within a large 
strain formulation, can be written as:  
 (3 / 2 )cij ij eD S p  (4.24) 
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 1(1 )mA AC A A    (4.25) 
 2 ( 1)mss ssC A A    (4.26) 
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n
dis A n  
    (4.27) 
 2 2y ss A dis       (4.28) 
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m
pA p C      (4.30) 
 ˆ 2e eij ij kkGD D    (4.31) 
where cijD  is the rate of inelastic deformation; 
e T c
ij ij ijD D D   is the rate of elastic deformation, 
T
ijD  is the rate of total deformation and ˆ ij  is the Jaumann rate of Cauchy stress. G  and   
are the Lamé elasticity constants. The multi-axial constitutive equations have been 
implemented into the FE solver ABAQUS through a user defined subroutine and used to 
simulate creep age forming process. 
 
4.4.3 CREEP subroutine 
The multi-axial creep-ageing constitutive equations were implemented into the large 
deformation FE solver ABAQUS through the user-defined subroutine CREEP and used to 
simulate CAF. In addition to the original constitutive equations, the gradients, /p p  and 
/ ep    were determined accurately, so that the step time could be controlled efficiently 
through the implicit integration employed by ABAQUS [121].  
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4.4.4 FE simulation procedures 
To simulate the uniform pressure condition, a three-step analysis was performed 
(Figure 4.9). Initially a 10 MPa load was applied incrementally in a static analysis, followed 
by a visco step where this load was held over a period of 18 hours, allowing ageing, creep 
and stress relaxation to take place. Finally, the uniform pressure was removed incrementally, 
enabling the aluminium workpiece to springback. 
 
 
Figure 4.9: Loading process in numerical simulation. 
 
4.5 Computational results and discussions 
4.5.1 Prediction of springback 
A contour plot of the equivalent (Mises) stress distribution, which controls the creep 
strain rate, over the workpiece’s surface, is shown in Figure 4.10 for three stages of CAF. The 
total forming time is 18 hours. Figure 4.10 (a) shows the initial fully loaded condition where 
the ground springs were compressed to overcome their stiffness by the applied pressure and 
the whole workpiece deformed to build a full contact with the die surface. At this stage, a 
relatively uniform stress distribution (190 - 200 MPa) can be observed within the workpiece. 
The maximum stress (around 204 MPa) was observed at the centre part of workpiece; in this 
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stage, the stresses were higher than the yield stress of the material which is around 165 MPa. 
At the end of CAF (Figure 4.10 (b)), significant stress relaxation due to creep took place, 
generally reduced the equivalent stress by approximately 80% to a maximum of 115 MPa. 
After the removal of the applied load, springback occurred and a residual stress can be 
observed in the workpieces. As shown in Figure 4.10 (c), most of the residual stress was 
released to below 76 MPa. Comparison of stress in the three forming stages shows that the 
equivalent stresses are lower at the edges of the workpiece, but higher at the centre for all 
stages, this is due to the amount of uniform pressure which is insufficient to force the 
workpiece to fully contact with the die surface. The pattern of the stresses in Figure 4.10 (c) 
is due to the implementation of springback at the corner and mid of the workpiece. 
 
 
(a)
 
(b) 
 
(c) 
 
Figure 4.10: Equivalent Stress (MPa) distributions at different stages of CAF process, (a) 
deformed to target shape, (b) held for 18 hours, (c) after unloading. 
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4.5.2 Modelling of creep strain, evolution of precipitate ratio and yield 
strength 
Figure 4.11 shows the distribution of creep strain on the top surface of AA2219 sheet 
during the creep ageing stage. After 1 hour of creep ageing, the maximum creep strain of the 
sheet is approximately 0.158% (Figure 4.11 (a)). The creep strain distribution was uniform 
except the edge area of the workpiece. After 9 hours of ageing, referring to Figure 4.11 (b), 
the creep strain increased further and high creep strain area slowly decreased. The majority of 
the creep strain was around 0.356% - 0.381% at the centre part. At the end of CAF, the major 
parts of the workpiece had a creep strain value around 0.416% (see Figure 4.11 (c)); the creep 
strain increment is not significant as the creep deformation has reached its steady state.  
 
(a)  
 
 
 
Figure 4.11: Distribution of creep strain during the ageing period at (a) 1, (b) 9 and (c) 18 
hours. 
(b) (c) 
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Apart from modelling creep deformation, via constitutive equations implemented into 
ABAQUS, the normalized precipitate ratio and yield strength increment of the material 
during CAF can be predicted. Referring to Figure 4.12, at 1T  hour, the normalized 
precipitates vary from 0.137 at low deformation area (edge area) to 0.323 at high deformation 
area (fully contact area). As ageing time increases from 1 hour to 18 hours, normalized 
precipitates ratio grow as creep deformation. At the end of ageing period, the maximum 
normalized precipitates ratio reach a value of 0.877 while the minimum value is about 0.366. 
It is observed that, at the low deformation area (edge area), the precipitates ratio are lower 
because in this region, the generation of precipitates only rely on the static ageing effect. In 
the meanwhile the increments of the precipitates ratio at high deformation are mainly due to 
the dynamic age effect (i.e. creep deformation on precipitate growth). 
 
(a) 
 
  
Figure 4.12: Distribution of normalized mean ratio of precipitates during the ageing period at 
(a) 1, (b) 9 and (c) 18 hours. 
(b) (c) 
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The evolution of the yield strength during CAF is shown in Figure 4.13. As the age 
hardening and solute hardening effects are the function of precipitates ratio, and dislocation 
hardening increases the yield strength mainly at primary stage, the yield strength distribution 
during CAF simulation are more or less similar to the normalized precipitates distribution. At 
the end of CAF ( 18T   hours), the yield strength increments are distributed evenly in the 
region where fully contact has achieved between workpiece and die with a value around 
318 MPa.  
 
 
(a) 
 
(b) 
 
 
(c) 
 
Figure 4.13: Distribution of yield stress variation during the ageing period at (a) 1, (b) 9 and 
(c) 18 hours. 
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4.6 Summary 
Firstly, the age-hardening mechanism that occurs during artificial ageing of 2XXX 
series aluminium alloy is described. During the artificial ageing of the material, nucleation 
and growth of the precipitation takes place, which leads to the overall mechanical strength of 
the material increase. Based on both physical and mechanical properties of the material in 
CAF, a set of physically-based, unified constitutive equations has been adopted and 
calibrated from the experimental data, which enables to model the time-dependent creep 
deformation and the dynamic age-hardening behaviour as well as the prediction of stress 
relaxation behaviour at different stress levels during CAF. 
Based on the establishment of the unified constitutive equations, FE simulation 
procedures to predict creep deformation, age-hardening and springback for CAF of a single 
curvature AA2219 sheet have been carried out. The material model is implemented into 
ABAQUS via the user-defined subroutine CREEP. The FE simulation results demonstrate 
that, the established FE model and procedure are capable to predict creep deformation, stress 
relaxation and the age-hardening properties evolution of the material during CAF.  
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CHAPTER 5                                                           
Four Point Bending Investigation on Creep 
Age Forming AA2219 Panel 
 
5.1 Introduction 
In this chapter, a four point bend rig was designed, manufactured and assembled. 
Bending tests were conducted on this rig to model the industrial creep age forming process. 
The aims of the test were twofold: one was to examine the relationship between the initial 
deflection and the amount of springback after ageing. The second was to validate the 
springback prediction from numerical simulation.  
The experiment includes three stages like the industrial creep age forming routines, 
which are the loading stage, artificial ageing stage and unloading/springback stage. In the 
first (loading) stage, a self-made four point bending test rig was used to deflect the specimen 
into the required shape. In the artificial ageing stage, the deformed workpiece was held in 
place and the entire test rig was put into an Instron furnace at 175 °C  for duration up to 
18 hours. In the unloading/springback stage, the four point bending rig force is released and 
the workpiece is allowed to springback. To comprehensively understand the creep ageing 
effects on springback behaviour, corresponding stress-free forming experiments were 
conducted. The workpiece was deflected to the same shape similar to each CAF experiment. 
However, the force was removed after the workpiece deforming to the required position. 
Next, the deformed workpiece was stress-free heat treated for the same ageing period as the 
CAF experiment. These two kinds of workpiece formed by two series of experiments are 
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termed as creep age forming (CAF) workpiece and cold work bending stress free ageing 
(CWBSFA) workpiece. 
For numerical validation, this chapter introduces the same integrated FE procedures in 
Chapter 4 to model the stress relaxation and springback on CAF workpiece. The numerical 
results are used to compare with the experimental data thereafter.  
 
5.2 Equipments and Test Preparation  
5.2.1 Bending test rig 
Figure 5.1 shows the full configuration of the (i) experimental setup with (ii) an inset 
detailing the four point bend test rig. The red frame structure with four pillars were ordered 
from Danly UK, the four point bending dies were manufactured and assembled  in the 
Mechanical Engineering Department workshop at Imperial College London. Detailed 
drawings are in Appendix A. All the main components are listed in Table 5.1. Figure 5.2 
illustrates schematic of the four point bending test rig. 
Table 5.1: Bending test rig components details 
Components Description Material Dimension (mm) 
A Bottom frame mild steel L 400×W 150×D 40 
B Pin stainless steel L 120 × Φ 16 
C Top frame mild steel L 400×W 150×D 40 
D Pillar High strength steel L 260 × Φ 32 
E Top integral roller stainless steel Roller part L 60 × R 10 
F Supporter mild steel N/A 
G Bottom Roller stainless steel L 60 × Φ 50 
H Test workpiece AA2219 L 400×W 150×t 3/4.5/6 
I Locking bolts mild steel L 220 × M12 
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Figure 5.1: (i) Experimental setup with (ii) an inset detailing the four point bend test rig. 
 
Figure 5.2: Schematic illustration of the four point bend test rig. (all dimensions in mm) 
 
5.2.2 Loading device 
An Instron 5588 material testing machine was used in the loading stage. A circular steel 
punch with a diameter of 120 mm was used to load the top frame of the bending rig. The 
(ii) 
(i) 
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displacement control module was used in the experiments and the cross head speed and its 
final position can be controlled. A load cell, attached on the loading rig, was used to record 
the loading force response. 
5.2.3 Heating device 
To provide constant heating, a 900 KW fan furnace was used. The whole bending test 
rig which was holding the deformed CAF workpiece and CWBSFA workpiece were placed 
into the furnace for creep ageing.  The temperature was maintained at 175 °C  throughout the 
period. A K-type thermocouple was attached to the workpiece to monitor the temperature 
using a thermometer. 
5.2.4 Test workpiece preparation 
The test workpiece were cut into rectangular shape from the raw plate AA2219-O. The 
cutting process was performed at room temperature followed by solution heat-treatment and 
water quenching. Workpieces of three different thicknesses were used in the experiment. The 
dimension of each rectangular shaped plate was 400 ×150× 3.0 / 4.5/ 6.0 mm.  
 
5.3 Experimental procedures 
 The four point bending test rig was initially assembled on the Instron instrument load 
frames. The rig was aligned and centred. 
 The initial flat specimen was centred and aligned properly on the top of the bottom roller. 
Some markings were used for alignment. A wooden block was used to avoid the contact 
between the top roller and the top surface of the workpiece.  (Figure 5.3(a)) 
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 The location of the bottom surface of the test workpiece was measured by a stainless 
steel ruler stand and the reading was captured by a DSLR cameral. The measurements 
were taken twice to check repeatability, and an average value was obtained. A bubble 
level device was used to ensure the plane of camera’s sensor was parallel to the plane of 
the test. 
 The wooden block was removed from the four point bending test rig set, the gravity of 
the top frame part and top integral roller forced the workpiece to deform. The total mass 
of the top part is 32.8 kg. (Figure 5.3(b)) 
 The displacement control module was used. Both cross head speed and displacement 
were preset. Meanwhile, five locking bolts were put through the holes in the top frame 
without locking. 
 The punch was lowered until touching the top frames and preferably, a tiny positive load 
reading should display on the indicator for confirmation. (Figure 5.3(c)) 
 Before loading taking place, the load indicator and current movement were zeroed. The 
cross head was allowed to travel down at the constant speed to press down the top frames 
and consequently deflect the workpiece to the target displacement, i.e. 30 mm. 
 Once the target distance was achieved, the cross head was stopped. The location of the 
bottom surface of the test workpiece was measured again to record the deformation. The 
measurement was taken up to five times and an average was calculated. (Figure 5.3(d)) 
 The stainless steel rule stand was removed out of the four point bend rig. Another 
locking bolt was put through the hole in the top frame.  
 In order to get the CAF workpiece and hold the workpiece in place, six loading bolts 
were tightened until a zero load reading was displayed on the indicator channel. At this 
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stage, it is assumed the entire load was transmitted from the punch to the six locking 
bolts. (Figure 5.3(e-i)) 
 In order to get the CWBSFA workpiece, the top frame associated with the top integral 
roller was raised and the workpiece started to springback.  The deformed workpiece was 
taken out from the four point bend test rig. (Figure 5.3(e-ii)) 
 The CWBSFA workpiece and the entire rig together with the held, deformed CAF 
workpiece were put into an Instron furnace. The whole rig was placed vertically to avoid 
any further load-induced creep taking place on the workpiece due to the mass of the top 
part. (Figure 5.3(f)) 
 A K-type thermocouple, connect to a thermometer, was attached to the surface of the 
workpiece to monitor the temperature.  
 The furnace took up to 1 hour to increase from room temperature to 175 °C . The 
temperature was kept constant at 175 °C  for the rest of the time to allow age hardening 
and stress relaxation to take place. The total period was up to 18 hours.  
 After 18 hours, the furnace was opened. The entire rig together with the held, deformed 
CAF workpiece and CWBSFA workpiece was removed from the furnace. 
 After cooling to the room temperature (up to 3 hours), the nuts were removed from the 
locking bolts. The CAF workpiece was allowed to springback.  
 Both CAF workpiece and CWBSFA piece were placed, centre and aligned properly on 
top the bottom roller again. The final deformed location of the bottom surface of the 
workpiece was measured twice and an average value was obtained. (Figure 5.3(i)) 
 The tests were conducted with three compression displacements, i.e. 20, 30 and 40 mm. 
Also, using the same experimental settings, CAF tests were repeated on the workpieces 
of different thicknesses. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e - i)  
 
(e - ii) 
 
(f) 
 
(g) 
 
Figure 5.3: Pictorial illustrations of the experimental test procedures. 
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5.4 Measurement of Deflection and Springback 
To measure the deflection and springback of CAF workpiece and CWBSFA workpiece, 
images were taken by a CANON 60D camera at three instances: (a) before loading, (b) after 
loading, (c) after unloading (refer to Figure 5.4). A  refers the distance between the bottom 
surface of undeformed workpiece and bottom frame surface, B  is the distance between the 
bottom surface of fully loaded workpiece and bottom frame surface, while C  is the distance 
between the bottom surface of workpiece after springback and bottom frame surface. These 
measurements were used to evaluate springback. A springback index was introduced as 
shown in Equation 5.1. 1SP  represents the full springback of the workpiece. If 0SP  , no 
springback occurs.  
C B
A B
SP
 
 



 (5.1) 
 
5.5 Experimental Results and Discussion 
Several CAF and CWBSFA experiments were performed using the procedures 
described in Section 5.3. The experimental results for CAF and CWBSFA workpiece were 
shown in Figure 5.5. In Figure 5.5(i), it shows the comparisons of deformed profiles of CAF 
(on the top) and CWBSFA (on the bottom) workpiece. The corresponding springback index 
for each set of experiment was calculated using the method discussed in Section 5.4 and the 
results are shown in Figure 5.5(ii). For both CAF and CWBSFA workpiece, three phenomena 
can be summarized from the experiments: 
 As the cross head displacement increases, the springback index decreases. 
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 As the thickness ( t ) of the workpiece increases, the springback index decreases. 
 For the same cross head displacement, as the thickness of the workpiece increases, the 
springback index difference between CAF and CWBSFA workpiece decreases. 
(a) 
 
(b) 
 
 
(c) 
 
 
 
Figure 5.4: Pictorial illustrations of the deflection and springback measurement at (a) the 
initial (b) fully loaded stage and (c) after springback.  
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(i) (ii) 
(a) t =  3.0 mm 
 
 
 
(b) t = 4.5 mm 
 
 
 
(c) t = 6.0 mm 
 
 
 
Figure 5.5: Illustration of the (i) profile and (ii) comparison of the springback index between 
CAF and CWBSFA workpieces with a thickness of (a) 3.0 mm, (b) 4.5 mm and (c) 6.0 mm. 
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The factors that contribute to these three phenomena are that for all experiments, the 
maximum induced stresses have already exceeded yield stress. As the cross head 
displacement and workpiece thickness increases, more plastic strains have been introduced in 
the workpiece, hence reducing the springback. In other words, less springback occurs in the 
large deflection case. Springback will be more sensitive in small deflection case. Especially if 
the maximum induced stress of the material is below yield stress (pure elastic deformation).  
This will be studied in Chapter 6. 
 
5.6 Numerical Validation 
5.6.1 Details of the FE model 
To compare with the experimental investigations, corresponding CAF simulations have 
been carried out using the FE model as shown in Figure 5.6. The model is basically a four 
point bending configuration, where there are two large rollers with diameter of 50 mm placed 
at the bottom as support and two smaller rigid rollers with radius of 10 mm at the top used to 
bend the workpiece. These rollers are defined as rigid bodies in the simulation. With the 
convenience of the modelling work, only a quarter models have been established.  
Referring to Figure 5.6, the length of each quarter workpiece is 100 mm and the width 
is 25 mm. The thicknesses are 3.0, 4.5, and 6.0 mm respectively. A total of 246 four-node 
S4R shell elements were used for the FE simulation. As shown in Figure 5.6, proper 
boundary conditions were applied to the workpiece to represent those in the tests. Both 
bottom rollers were fixed at their original location while the top rollers were constrained so 
that they can move only in –y direction.  
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Contact pairs were defined between (i) the top rollers and top surfaces of the workpiece; 
and (ii) the bottom rollers and the bottom surface of the workpiece. The friction coefficients 
for both contact pairs were taken as 0.1, to simulate the lubricated conditions at the contact 
area. 
 
Figure 5.6: FE mesh identifying the boundary conditions for four point bending. 
 
5.6.2 FE simulation procedures 
Similar to the AA2219 material model settings discussed in Chapter 4. Multi-step 
numerical procedures have been used to simulate the CAF process and to evaluate the 
springback using ABAQUS. CAF simulation consists of cylindrically bending the workpiece 
to different target shape and subsequently holding it at the temperature of 175 °C . The target 
shapes of interest are 20, 30, 40 and/or 50 mm for three thickness workpiece. The total CAF 
simulation period is 18 hours. The procedures are described as follows:  
 The mass of the top frame and roller (8.2 kg) is added on the top roller in the –y 
direction which elastically displaces and bends the workpiece at 20 °C . 
 Displace the top roller until the target depth is achieved at 20 °C . 
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 Fix the movement of the top roller so that the AA2219 workpiece is held at the 
same location. Increase the temperature from 20 °C  to 175 °C  and hold the 
workpiece at 175 °C  for 18 hours. This allows age hardening, creep and stress 
relaxation to take place, thus introduces inelastic deformation in the workpiece. 
 Remove the constraints of the top roller incrementally after 18 hours and allow the 
workpiece to springback. 
These procedures were repeated for different target displacements and applied to all the 
workpiece with different thicknesses. Springback index was calculated at the end of each 
simulation.  
5.6.3 Springback measurement  
The movement of the mid node in y direction (shown in Figure 5.6) at the centre of the 
workpiece was analyzed throughout the simulation (x and z directions have been constrained). 
The y coordinates of the mid-node was recorded at three instances similar to the experimental 
investigation: (a) 1y , before loading, (b) 2y , after loading and (c) 3y , after unloading. The 
numerical springback index is quantified by 
2 3
1 3
n
y y
SP
y y



 (7.2) 
where nSP equals 1, the workpiece completely springbacks to its original shape; while nSP  
equals 0, there is no springback.  
5.6.4 FE simulation results 
Figure 5.7 shows the simulated maximum (surface) effective stress arising in the 
AA2219 workpiece during the CAF process. The total time for the deformation is 18 hours. 
 86 
 
Figure 5.7 (a) shows the workpiece thickness equals to 6.0 mm. After the workpiece is 
deformed due to the mass of the top frame and roller, the workpiece is further deformed to its 
target depth (upper tool displacement) of 30 mm. The equivalent stress at the top surface of 
the workpiece at the initial stage is shown in Figure 5.7 (a)-(i). The maximum stress level was 
about 202.5 MPa at the middle of the workpiece, where the workpiece is encountering the 
highest deformation. The minimum stress level (less than 0.5 MPa) is observed at both ends, 
where little deformation is taking place. With the workpiece held in place for 18 hours, 
exposing at the temperature of 175 °C , stress relaxation occurs, as shown in Figure 5.7 (a)-(ii). 
The maximum stress reduces from 202.5 MPa to 109.6 MPa. Figure 5.7 (a)-(iii) represents 
the residual stress distribution after completely unloading and this is due to the stresses are 
not fully relaxed by creep. Parallel simulations have been taken with the same target depth of 
30 mm on workpiece with a thickness of 3.0 mm and 4.5 mm respectively, as shown in 
Figure 5.7 (b) and Figure 5.8 (c). Similar residual stress level has been observed for all the 
three thicknesses. Theoretically, an infinite time period can fully relax the stresses in the 
panel during CAF, which is not possible in practice. Therefore, springback is unavoidable in 
CAF.  
 (a) 6.0t   mm 
     (MPa) 
(i) 0T  hr  (Fully loaded) 
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(ii) 18T  hrs (Fully aged) 
 
(iii) (After springback) 
 
 
(b) 4.5t  mm 
     (MPa) 
(i) 0T  hr  (Fully loaded) 
 
 
(ii) 18T  hrs (Fully aged) 
 
(iii) (After springback) 
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(c) 3.0t   mm 
     (MPa) 
(i) 0T  hr  (Fully loaded) 
 
 
(ii) 18T  hrs (Fully aged) 
 
(iii) (After springback) 
 
Figure 5.7: Comparison of equivalent stress at the top surface of the workpiece during CAF 
where initial deflection is 30 mm for workpiece thickness equals (a) 6.0 mm, (b) 4.5 mm and 
(c) 3.0 mm at (i) the initial, (ii) fully aged stages and (iii) after springback. 
 
5.6.5 Springback prediction in CAF 
To predict springback, FE simulations and analyses have been carried out in accordance 
with all experimental CAF results (Figure 5.8). Figure 5.9 shows the comparison of 
experimental and numerical springback index for different workpiece with different target 
depth. The predicted springback indices are plotted in Figure 5.9 with solid lines. It is 
observed that, for the selected range of depths, springback indices for the t = 6.0 mm 
workpiece vary from 0.039 to 0.165. Meanwhile, for the t = 3.0 mm workpiece, the 
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springback indices are higher, which vary from 0.112 to 0.233. It can be found that, as the 
target depth increases, the springback index decreases. Also, when the thickness of the 
workpiece decreases, the springback index increases. 
 
Figure 5.8:  Deformed workpieces after creep age forming applied by different initial 
deflections. 
 
For comparison with the experimental results, the springback indices obtained from 
experiment are plotted with symbols in Figure 5.9. Similar trends are observed from both 
experimental and simulated springback index curves. First, as the target depth/displacement 
of cross head increases, the springback index decreases. Second, as the thickness (t) of the 
workpiece increases, the springback index decreases. For the same target strokes, as the 
thicknesses of the sheet increase, more strain is accumulated in the outer layer of the sheet, 
which introduced more stresses and more inelastic deformation in the sheet, which lead to the 
decrease in springback. The simulated results have over-predicted the springback values with 
errors less than 12.6%, which is located at t = 4.5 mm at the deflection of 30 mm. The 
reasons that may contribute to the errors are suggested as follows: 
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The simulation work does not take the inclusion of thermal stress into consideration 
during the temperature increase from 20 °C  to 175 °C. Inclusion of the thermal stress can 
result in the increase of effective stress level, which subsequently increases the initial creep 
rate and hence increase the inelastic deformation.  
The friction between the workpiece and rigid body was defined as 0.1 and 0.3 to 
simulate the contact conditions.  In the figure, the solid line is the situation that the friction 
was 0.1, while the dotted line means that the friction was 0.3. The increase of the friction 
coefficient leads to the decrease of the springback index from the simulation results. However, 
the practical frictions coefficients were not identified. The real contact conditions at the 
contact area may result in the difference between the practical and theoretical results.  
 
Figure 5.9: Comparison of experimental (symbols) and numerical (solid lines and dotted line) 
springback index for different panel thicknesses. 
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5.7 Summary 
A four point bend rig was designed and assembled. Four point bending tests were 
carried out to investigate springback in CAF to examine the relationship between the initial 
deflection and the amount of springback after ageing and more importantly to validate the 
predicted springback results from the numerical simulation.  From the comparison between 
experimental and numerical results, the simulated FE simulations have slightly over predicted 
the springback value. However, the maximum errors are no more than 15%, which is due to 
some simplifications of the numerical model and parameter settings. Generally, both 
springback indices curves have a similar trend. The comparison has suggested that the 
proposed FE procedures would be useful to provide as a guideline to predict springback in 
CAF. 
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CHAPTER 6                                                     
Prediction and Assessment of Springback in 
Typical Creep-age Forming Tools 
 
6.1 Introduction 
In industrial implementation, creep age forming is often carried out under vacuum or 
autoclave loading conditions, where a sufficiently high, uniform pressure is required to force 
the workpiece to contact closely with the tool surface. However, in the labotary, many CAF 
tests to evaluate springback are performed by clamping the workpiece to both ends of a 
cylindrical tool and forcing it to the tool surface, which is different from reality. In this 
chapter, unified creep ageing constitutive equations have been integrated into the commercial 
finite element code ABAQUS, to analyse a common CAF tester which employs a cylindrical 
tool shape. Two loading conditions are investigated: (i) end clamp and (ii) uniform pressure. 
The amount of springback has been predicted, compared and analysed for both loading cases. 
As discussed in Chapter 5, springback will be more sensitive in small deflection case. 
Especially if the maximum induced stress of the material is below yield stress (pure elastic 
deformation).  The material modelled in this chapter is AA7055. Its yield strength is 2.5 times 
than that of AA2219 and all the simulations work of deforming the AA2219 sheet are carried 
out in the elastic region. The creep-ageing behaviour of AA7055 has been already 
characterised by Zhan et al. [53].  
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6.2 Numerical Procedures for CAF 
6.2.1 Unified creep ageing constitutive equations 
A unified physically based creep ageing-constitutive model for AA7055, formulated by 
Zhan et al., [53] has been employed in this work to describe the influence of ageing on the 
mechanical property evolution and creep deformation behaviour of the Al-alloy 7055 at 
120 °C  under CAF conditions. The model, which has the same manner as AA2219 creep-
ageing constitutive equations, is described below: 
 1 1 0sinh | | (1 )e yp A B k                   (6.1) 
2 2
Y SS A dis        (6.2) 
1 (1 )mA AC r r                                                                  (6.3) 
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In Eqns (6.1)-(6.8) 1A , 1B , 0k , AC , 1m , ssC , 2m , 2A , n , rC , Q , 3m , 4m , 3A , 0 , pC , 5m  
are material constants. The creep strain rate evolution during ageing is described by Eq. (6.1). 
Creep strain rate is not only a function of equivalent stress, e , and dislocation density,  , but 
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also the yield stress, Y , which is a combined function of ageing hardening, A , solute 
hardening, ss , and dislocation hardening, dis , as summarized in Eq. (6.2-6.4). These 
represent the evolution of age hardening and solute hardening, which are described in terms of 
normalised precipitate size, r  and evolutional rate, r , described in Eq. (6.7). Equation (6.5) 
represents the dislocation hardening rate, which is related to dynamic and static recovery and is 
a function of normalised dislocation density. As precipitates evolve or grow monotonically 
during isothermal ageing, the coarsening kinetics of the ageing mechanism is modelled using a 
normalised precipitate size growth Eq. (6.7), in which the nucleation and growth of precipitates 
are related to the dislocation density stated in Eq. (6.6). For Eq. (6.8), it represents the plastic 
deformation in a multi-axial manner.  
The material constants in the constitutive equations were determined by Zhan et al. by 
fitting to experimental data using evolutionary algorithms (EA) based on optimisation methods. 
Their resultant values are given in Table 6.1.  
      Table 6.1: Constants in the CAF constitutive equations for AA7055 at 120 °C [53]. 
1A  (h
-1) 1B  (MPa) 0k  AC (MPa) 1m  ssC   (MPa) 2m  n  2A  
5.0E-5 0.0279 0.2 94.3 0.44 20.0 0.4 0.8 291.5 
rC  (h
-1) Q  0  3m  4m  3A  pC  5m   
0.032 1.69 2.7 1.3 1.98 200.0 0.07 1.3  
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6.2.2 FE model and numerical procedures 
Two finite element models have been developed to represent the cylindrical die and 
work piece under both loading conditions, as schematically illustrated in Figure 6.1(a) for the 
end clamp condition and Figure 6.1(b) for the uniform pressure condition. Due to the 
symmetrical nature of the geometries, a half model was created employing appropriate 
symmetry boundary conditions. The CAF simulation consisted of holding a 12 mm thick, 
initially flat rectilinear workpiece of half dimensions 185 mm × 80 mm × 12 mm of an 
aluminium alloy AA7055 against the die’s surface, and subsequent creep age-forming it at a 
constant temperature of 120 °C for 20 hrs. The die’s surface had a radius of 1400 mm and 
was assumed rigid. Four node reduced integration shell elements were employed to model the 
workpiece. A friction coefficient of 0.1, which is related to the contact pair, was specified to 
simulate a non-lubricated condition. For the convenience of locating the workpiece on the 
tool surface and avoiding contact convergence in the implicit forming simulation, two ground 
springs of stiffness of 1×10-6 N mm-1, which can be compressed to zero volume, were used to 
support the weight of the workpiece at its corners, as shown for example in Figure 6.1(b).   
 
 
(a) End clamp loading (b) Uniform pressure loading 
Figure 6.1: Numerical models with loading and boundary conditions. 
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To simulate the end clamp condition, initially a 30 mm displacement was applied in the 
downward (-y) direction to overcome the stiffness of the two ground springs and to ensure the 
corners of the workpiece were in direct contact with the tool surface. This end displacement 
was held for a time of 20 hrs, allowing ageing, creep and stress relaxation to take place. 
Finally, this end clamp displacement was removed incrementally, enabling the aluminium 
workpiece to springback.  
For the uniform pressure condition a two-step analysis was also performed. Initially an 
18 MPa load was applied incrementally in a static analysis, followed by a visco step where 
this load was held over a period of 20 hrs to the entire top surface of the workpiece, causing it 
to form the required shape. Similarly to the end clamp condition, this pressure was held for 
20 hrs and then released, enabling the workpiece to spring back to its final deformed shape 
which was measured. 
Mesh convergence studies have been performed in this chapter as well with different 
size of mesh e.g. 15 mm, 10 mm, 5 mm and 4 mm. Good agreements have been obtained by 
using the mesh size of 5 mm and 4 mm. In this simulation, a mesh size of 4 mm is applied. A 
detailed convergence study is shown in Appendix B to investigate the effect of 
implementation different size mesh.  
 
6.3 Overall CAF process and springback assessment  
6.3.1 Equivalent Stress Distribution 
A contour plot of the equivalent (Mises) stress distribution, which controls the creep 
strain rate, over the workpiece’s surface is shown in Figure 6.2 for the (a) end clamp and (b) 
uniform pressure condition (18 MPa) at three stages in time. Stage (i) 0T   hr is the initial 
fully loaded condition where the ground springs were compressed to overcome their stiffness 
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by the end clamp’s vertical displacement or by the applied pressure, and the whole workpiece 
deformed towards the die’s surface. At this stage, for the end clamp condition, around half of 
the workpiece experiences high stress greater than 300 MPa, whereas for the uniform 
pressure condition the majority of the workpiece has a relatively uniform stress distribution 
between 280-300 MPa. The maximum stress attained was around 321 MPa and 306 MPa for 
end clamp and uniform pressure condition, respectively. In all cases the stresses were below 
the yield stress of the material which is around 361 MPa.  The equivalent stresses at the 
corner is 14 MPa lower than that in the inner of the plate, this is due to the implementation of 
springs at the corner.  
Significant stress relaxation due to creep took place, generally reducing the equivalent 
stress by approximately 50% to a maximum of 145 MPa and 151 MPa for the end clamped 
and uniform pressure condition, respectively, at the end of ageing period (Figure 6.2 (ii)).  
Though higher stresses were initially attained on loading for the end clamped condition 
compared to the uniform pressure condition, stress redistribution effects have lead to 
marginally higher stresses in the uniformly pressurised workpiece post-aging.   
On removal of the applied loads, springback occurred and a residual stress remained in 
the workpieces. As shown in Figure 6.2 (iii), similar stress levels reside in the workpieces for 
both loading conditions. For the end clamp condition, the majority of residual stress 
distribution was released to below 40 MPa, which is similar to, but marginally lower than the 
uniform pressure condition (Max. 44 MPa). In all cases, as expected, the stresses are 
symmetrical about the workpieces’ longitudinal centreline. 
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  e  (MPa)   
(i)     hr 
(Fully loaded)      
 
 
 
 
 
(ii)      hrs 
(Fully aged) 
 
 
 
 
 
 (iii) 
  
 
 
 
 
               (a) End clamp (b) Uniform pressure 
Figure 6.2: Comparison of top surface equivalent stress of the workpiece for (a) End clamp 
and (b) Uniform pressure loading conditions at (i) the initial, (ii) fully aged stages and (iii) 
after springback. 
 (After springback) 
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6.3.2 Contact stress distribution  
In addition to the bending stresses in the workpiece, stresses are also generated due to 
the reaction force between the workpiece and die. Good contact between the die and 
workpiece promotes the workpiece to conform to the die’s profile. Therefore, contact 
pressure may be used as a measure of the contact between the workpiece and die. Figure 6.3 
shows the contact pressure distribution upon the upper surface of the die at (i) the initial and 
(ii) fully aged stages for both the (a) end clamped and (b) uniform pressure condition. As 
seen in Figure 6.3(a), the contact pressure is small except in the vicinity of the clamps where 
a maximum pressure of 100 MPa is observed on initial loading, which reduces by approx 20% 
after 20 hrs of ageing. Contact is achieved over the majority of the surface for the applied 
pressure loading condition (Figure 6.3(b)). The contact pressure is around 20-58 MPa except 
close to the workpiece edges where no contact is achieved. After ageing a similar pressure 
distribution was observed with a peak value reduction of around 22%.  
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Contact Pressure (MPa)  
(i)     hr 
    (Fully loaded) 
 
 
 
 
 
(ii)      hrs 
(Fully aged) 
  
 
 
 
 
               (a) End clamp (b) Uniform pressure 
Figure 6.3: Comparisons of contact pressure on the die for (a) end clamp and (b) uniform 
pressure loading. 
 
To examine the influence stress relaxation during CAF on the contact pressure in detail, 
three feature points have been identified on each workpiece, as shown in Figure 6.3 (i). 
Feature points A, B, and C on the end clamp die are located at x co-ordinate distances of 182 
mm, 170 mm and 100 mm, respectively. Similarly points D, E, F on the uniformly 
pressurised die are located at x co-ordinate distances of 155 mm, 140 mm, and 100 mm 
respectively. The variations in contact pressure during CAF at these points are compared in 
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Figure 6.4. Since there is no contact pressure at Node C and it is excluded from Figure 6.4. 
Note that in this and subsequent figure, solid lines are used to signify initial loading 
conditions (T = 0 hr) and dashed lines for data at 20 hrs of CAF. 
 
Figure 6.4: Variation of contact pressure during CAF for node A, B (Solid line) and node D, 
E, F (dotted lines) on die Shown in Figure 6.3.  
 
Each curve exhibits the stress relaxation and it can be seen that the stresses release by 
26.46 MPa (Node A), 13.39 MPa (Node B), 13.28 (Node D), 1.23 (Node E), 0.22 MPa (Node 
F) after 20 hours ageing. In comparison, uniform pressure presents a more stable stress 
relaxation rate than that of the end clamp condition. For each condition the stress relaxation 
rate increased with an increase in the initial stress. 
The stresses in the end clamp loading case, which resembles a three point bending 
configuration, are dominated by bending stresses and little contact is made between the 
workpiece and die. Therefore, the shape of the deformed workpiece is mainly related to the 
bending stress distribution and not to the shape of the die’s surface. For the uniform pressure 
loading case, 18 MPa has been found insufficient to achieve full contact between the 
workpiece and die’s surface, and a noticeable gap existed between the workpiece and die at 
its ends.   
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The variation in the gap between the workpiece and die, from the point of initial 
loading to the end of 20 hrs aging, along the workpiece for both loading conditions is shown 
in Figure 6.5. For the uniform pressure condition, there is no contact for 10.3% of the 
workpiece’s area on initial loading (T = 0 hr) which decreases marginally to 9.4% after 20 hrs 
aging. Whilst for the end clamp condition, the workpiece and die are only in contact under 
the clamps themselves and at mid-length of the workpiece (i.e. the plane symmetry line on 
the workpiece surface). Figure 6.5 shows the vertical distance (gap) between the tool and 
workpiece as a function of distance from the mid-length of the workpiece (x = 0). A parabolic 
profile is seen in Figure 6.5 between the clamped area and mid length of the workpiece. As 
explained in the ABAQUS manual contact pressure can only be generated between two 
deformable surfaces and cannot be generated for line-surface contact [122]. Hence, no contact 
pressure can be simulated at the mid-length of the plate and a small gap of 1×10-3 mm exists 
at the mid-length. The gap increases to a peak value of 0.072 mm at 85 mm from the 
workpiece’s mid-length on initial loading. After 20 hrs, a similar trend in the gap’s profile 
can be seen, but the peak value has almost doubled to 0.147 mm. 
    
Figure 6.5: Variations of gap between workpiece and die for end clamping and air pressure 
conditions at ageing time) T = 0 hr (solid lines) and T = 20 hrs (dotted lines).  
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6.3.3 Overall springback assessment 
Significant work has been performed to assess springback of the overall structure by 
several researchers [123-125]. The typical engineering approach to quantify springback is to 
evaluate the springback factor, S, which is given by 
0
1 fS


 
  
 
 
 
(6.9) 
where 0  is the maximum vertical distance on the workpiece when fully loaded, while f  is 
the final maximum vertical distance on the workpiece after springback, as illustrated in 
Figure 6.6. If S = 1, the workpiece springs back to its initial shape and if S = 0, there is no 
springback at all.  
 
Figure 6.6: Overall springback is defined by a factor 0(1 / )fS    , where S = 0 represents 
no springback, 1S   represents fully springback. 
 
The maximum vertical distance relative to the workpiece edge (see Figure 6.7) was 
taken at two instances: (i) fully loaded and (ii) after springback. These measurements were 
used to evaluate springback. The overall springback factor for end clamp condition is 0.568, 
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which is smaller than that of the uniform pressure condition which has a factor of 0.575. The 
overall magnitudes of springback are similar.  
  
(a) End clamp loading (b) Uniform pressure loading 
Figure 6.7: Overall springback predicted using the two loading cases of (a) end clamp and (b) 
uniform pressure.         
 
6.4 Localized springback assessment  
6.4.1 Definition of springback based on local curvatures 
A detailed analysis of the deformed shape of the workpiece after springback can be 
obtained by local curvature measurements around the circumference of the workpiece. A 
schematic illustration is shown in Figure 6.8 to demonstrate the local curvature determination 
method. Along the workpiece transverse direction, several localised curvatures can be 
identified and these localised features enable the 'quality' of the workpiece’s shape to be 
assessed at fully loaded and post springback conditions. To achieve a high resolution and 
stable curvature distribution, co-ordinates of three nodes located at the mid-thickness and 
width of the workpiece with an increment of 10 nodes between them (corresponding to an 
initial undeformed separation of 30 mm), were selected. The local radius of curvature Ri of a 
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workpiece was determined using the co-ordinate measurements of these three nodes using 
Eqns (6.10) and (6.11) below 
2 2
i IX IYR ( - O ) +(Y - O )i iX   
(6.10) 
 10 10 10 10(O ,O ) ( , ),( , ), ( , )iX iY i i i i i iF X Y X Y X Y                           (6.11) 
where (Xi - 10 ,Yi - 10 ), (Xi ,Yi ), (Xi + 10 ,Yi + 10 )  are the coordinates of the three selected nodes 
and (Oix ,Oiy ) are the coordinates for the centre of curvature, where i is the node number.  
Note that each localised curvature set of three nodes selected are identified by the mid node 
number in the set. Further details for determining the local radius of curvature can be found 
in [126]. In the FE model there are 63 nodes along the length of the half workpiece, from the 
mid symmetry plane to the right end.  
 
Figure 6.8: Schematic illustration for local curvature determination method. 
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Using these localised curvature measurements, a curvature index, CI, has been defined 
to quantify the deviation in the workpiece’s geometry from that of the tool at any instant 
during the CAF procedure. The curvature index is defined through Eqns (6.12-6.13) 
 
              
1 e
i
R
CI
R
 
 
 
 
 
(6.12) 
2e tool
t
R R    (6.13) 
where iR  is the instantaneous local radius of curvature (see Eqns 6.10-6.11), toolR  is the die’s 
radius, and t is the thickness of the workpiece.  
A CI  of unity indicates that the workpiece has no curvature and maintains its initial, 
undeformed shape. A CI  equal to zero means that the workpiece has the exact same shape as 
the die. This CI  factor enables the workpiece’s shape to be evaluated at full load and after 
springback. 
Similarly, a springback index, SI , is defined in Eqn (6.14) to compare the workpiece’s 
geometry before the load is removed at the end of the CAF process and after springback 
occurs.  The springback index is mathematically defined as 
1 i
i
R
SI
R
 
 
 
 
 

 
(6.14) 
where iR  and iR   are the localised curvature at fully loaded and post springback conditions, 
respectively. A SI = 0 indicates the two curvatures at, pre and post load removal, are identical 
whereas SI = 1 means that the workpiece springs back to initial undeformed condition. 
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6.4.2   Local springback assessment 
The variation of the curvature index CI  along the length of the workpiece at the initial 
fully loaded condition (T = 0 hr) are compared in Figure 6.9 for the end clamp and uniform 
pressure loading conditions. The distance along the workpiece is identified by the 
undeformed x co-ordinates of the mid nodes (0 mm-156 mm) in the set used for the curvature 
measurement.  
 
Figure 6.9: Comparison of curvature index variation along the workpiece for the end clamp 
and uniform pressure conditions at time     hr (Fully loaded).  
 
Along the circumference of the workpiece, from its midpoint to end, the local curvature 
index, for the case of uniform pressure, starts to increase from 0 at 126 mm from the 
workpiece’s midlength, which indicates that there is a small gap between the end area of 
workpiece and the die and that the majority of the workpiece is pressed tightly against the 
die’s surface. For the end clamp condition, the localised curvature has a parabolic profile 
between the workpiece’s midlength and the clamp’s point of contact (149 mm from the 
workpiece’s mid length) with a peak value of 0.014 at 66 mm from the workpiece’s 
midlength. At the end area of the workpiece the curvature index increase again to 0.019 due 
to the line contact between the clamp and workpiece at 173 mm from the workpiece’s 
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midlength (Note that there is no contact between the clamp and workpiece for a distance of 
12 mm from the end of the workpiece. In general however, the localised CI for the clamped 
workpiece is just above 0, indicating a small gap between the workpiece and die. These 
results are consistent with those observed in Figure 6.5 and demonstrate that there are some 
significant differences in the CAF process for both loading conditions.  
The effect of springback on the local curvature of the workpiece for both loading 
conditions has also been evaluated, as shown in Fig 6.10. The trend clearly indicates that the 
springback results depend on the loading conditions. 
 
Figure 6.10:  Comparison of curvature index variation along the workpiece for the end clamp 
and uniform pressure conditions after springback. 
 
The localised springback index for uniform pressure conditions increases significantly 
at the end of the workpiece, but is relatively uniform at other regions. Similar trends are seen 
for the end clamp condition. However there are greater fluctuations in the SI values observed. 
The average SI value for end clamp condition is 0.575 with a standard deviation of 0.11%, 
and 0.578 for the uniform pressure case, with a standard deviation of 0.03%. 
The SI value for the end clamped condition is less than that of the uniform pressure 
loading condition, on average by 0.56%. This corresponds to that found in the overall 
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springback assessment, where the overall springback factor for the end clamped condition 
was 1.2% less than that for the uniform pressure condition. However, the lower standard 
deviation in the SI for the uniform pressure case indicates that springback is relatively 
consistent over the workpiece. Therefore a uniform springback factor over the workpiece can 
be achieved, which enables tools to be designed to compensate for springback more easily. 
 
6.4.3 Sensitivity of springback to vacuum loading pressure  
A sensitivity study has been performed to determine the influence of the pressure 
magnitude on the CI. Three values of pressure have been considered in total i.e. 10 MPa,     
18 MPa and 30 MPa. For each load the local CI has been evaluated on initial loading 
(T = 0 hr) and after springback, as shown in Figure 6.11 (a) and (b), respectively.  
 
 
 
 
(a)  Fully loaded (b) After springback 
Figure 6.11:  The effect of uniform pressure magnitude on the curvature index variation along 
the length of the workpiece from its centre point (a) under full load and (b) after springback. 
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Under full load, the CI at the end of the workpiece with a pressure of 30 MPa is four 
times less than that at 10 MPa. An increase in pressure enables the CI to reduce to a stable 
value of 0 over shorter distances from the workpiece edge. Similar overall trends are seen in 
Figure 6.11 (b) after springback. The CI at the end of the workpiece at 10 MPa pressure 
reaches 0.82, while for 18 MPa and 30 MPa, this reduces to 0.721 and 0.673, respectively. 
The CI for all three cases stabilises at value of around 0.575, with a standard deviation of 
0.03%. These results indicate that, with a sufficiently high pressure, a workpiece with a stable 
CI distribution can be achieved.   
 
6.5 Summary 
Numerical models have been established to analyse the difference in springback 
predictions between the two loading cases: end clamp and uniform pressure. The former is 
often used in small scale laboratory testing and the latter in real industrial forming processes.  
Good contact between the tool and workpiece’s surfaces were achieved for the uniform 
pressure condition, providing sufficient pressure was applied, except close to the plate edge 
where no contact was observed. In contrast, contact was only achieved at the mid length of 
the end clamped workpiece and that contact was in the vicinity of the clamps themselves. A 
parabolic profile was found to exist between the middle of the specimen and the end clamp 
position. For the uniform pressure condition, the size of the gap decreases with pressure 
magnitude and ageing time. A method has been established to assess the local curvature and 
local springback values for the formed parts. For the uniform pressure loading, the 
springback is relatively uniform apart from at the ends. However, for the end loading case, 
the amount of springback varies noticeably along the length of the workpiece. These 
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differences observed between the two loading conditions will increase with component size 
and hence will cause significant variation in the curvature of the formed parts. Thus for a 
large scale component the springback evaluated from end clamping could not be used for 
assessing the springback from uniform pressure loading. It is recommended that laboratory 
scale end clamping tests should not be used to model springback features for the real vacuum 
forming processes as the local springback distributions are significantly different, even if the 
overall magnitudes are similar.  
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CHAPTER 7                                            
Integrated Design for Creep Age Forming 
Isogrid Structures 
 
7.1 Introduction 
Shaping the specified structures using CAF is based on the stress relaxation behaviour 
due to creep, which occurs during the artificial ageing process. However, due to the time and 
temperature restrictions in CAF being specified to achieve a particular requirement of 
mechanical properties, the residual stress could not be fully released during CAF, and thus 
springback takes place.  
Springback is one of the main drawbacks of CAF, which may lead to the formed 
structure being out of tolerance, introducing problems during assembly or installation. The 
common methodology to compensate springback by industry relies on trial and error, 
recursively modifying the tool shape until the formed structure springbacks to the required 
shape. Practically, the methodology above is costly, laborious and time consuming. It is 
therefore significant to develop an integrated system to predict the springback behaviour of 
the formed structures via numerical simulation, and subsequently modify the tool shape to 
compensate springback [127-132]. To creep-age form the isogrid panel, two types of loading 
methods can be employed, as shown in Figure 7.1. For autoclave forming condition, only a 
bottom die is required for manufacturing ultra large components. However, a pressurized 
autoclave, though adds significant cost. While for mechanical forming condition, this is 
similar to the traditional sheet metal forming process, e.g. stamping. The furnace used for 
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ageing would not lead to significant extra cost, as an ageing furnace would be required to 
increase alloy mechanical properties in any type of processing route. However, an upper die 
would be heavy, difficult to handle and requires extra cost for tool machining. In addition, 
high temperature resist material should be used to fill into the isogrid structures to stabilize 
the isogrid rib stiffeners, in order to distribute the forming/bending force through the 
compression/bending process [133, 134].  
Stage 1: Isogrid panel prior to CAF 
 
 
Stage 2: Isogrid panel reconfigured to the tool shape by either autoclave method or 
mechanical method  
 
 
 
 
 
Stage 3: Final creep age-formed isogrid panel after springback  
 
Figure 7.1: Illustrations of the three stages in the CAF process for forming isogrid panel. 
 
This chapter contains an integrated creep age forming proposal for forming a 1/3 
cylindrical isogrid structures by considering the autoclave creep age forming condition. 
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Based on the proposal, a description of integrated numerical procedures was given, in 
accordance with an offsetting tool shape methodology to compensate springback in CAF. 
Thereafter, the prediction of residual stress, springback and shape information was carried out 
using ABAQUS. Based upon the FE simulation results, a new tool surface has been finalized 
by using the tool offsetting algorithm. Finally, a proposed CAF process for forming 1/3 
pieces isogrid cylindrical assembly by autoclave forming has been developed. 
 
7.2 Integrated numerical procedures  
The framework of integrate systems for springback behaviour investigation and tool 
shape determination is shown in Figure 7.2. The integrated system is divided into three stages 
over a loop: tool surface definition, FE simulation using FE solver and application of tool 
offsetting algorithm. These procedures are iterative processes with the aim of acquiring the 
final tool shape. This chapter mainly focuses on the establishment of FE simulation 
procedures by applying the creep-ageing model into the simulation of creep age forming of 
the AA2219 isogrid structures. Referring to Figure 7.2, the geometric data points for both 
AA2219 isogrid panel and tool surfaces were formulated in Solidworks in SAT format and 
then imported into ABAQUS. For the first iteration, the outside radius of desired isogrid 
panel was considered as the initial tool definition. The determined AA2219 creep-ageing 
constitutive equations were implemented into ABAQUS through the user-defined subroutine 
CREEP. The springback information was provided at the end of a complete multi-step FE 
simulation and was then input into the tool offsetting algorithm. The algorithm was designed 
to evaluate the effective radius ratio, between springback and target isogrid panel. If the error 
satisfies the specified tolerance, the current tool shape would be used as the final tool surface. 
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Otherwise, the next tool surface would be reconstructed by decreasing the effective radius of 
the current tool radius in accordance to the effective radius ratio of springback and current 
isogrid panel. The geometric information of the new tool surface were redefined in 
Solidworks and passed back for the next iteration of FE simulation. The integrated numerical 
procedures were repeated until the specified tolerance was achieved and finally the final 
surface definition was determined.  The detailed explanation of the effective radius of isogrid 
panel and implementation tool construction algorithm is discussed in a following section. The 
tool surface definition and tool offset algorithm are carried out manually over each loop. 
 
Figure 7.2: Integrated systems to compensate for springback. 
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7.3 Numerical procedures for creep age forming isogrid 
structures 
FE simulations of creep age forming an AA2219 isogrid panel have been carried out 
using on a series of single-curved die with different effective radius determined by the tool 
offsetting algorithm. The dimension of the AA2219 panel is shown in Figure 7.3. The total 
dimension of isogrid panel is 580 mm × 200 mm. The panel thickness at the edge area is 
3 mm while the thickness at the isogrid area is 2 mm. The width and the height of the ribs are 
4 mm.  
 
Figure 7.3: AA2219 isogrid workpiece geometry. (all dimensions in mm) 
 
The flat isogrid panel is expected to form a 1/3 circle with a radius of 250 mm. The 
original isogrid panel is produced by CNC machining in T4 condition and creep age-formed 
at a constant temperature of 175 °C . The CAF simulation consists of locating a quarter 
isogrid panel against the tool, the surface of which forms the cavity in the shape required. For 
the convenience of locating the isogrid panel on the tool surface in the forming simulations, 
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four soft springs, which can be compressed to zero volume, are used to support the weight of 
the quarter workpiece. Figure 7.4 shows the geometry of the tool and the FE model of the 
isogrid panel, which would get the required isogrid shape after springback.  Both tool surface 
and isogrid panel were initially constructed in Solidworks. The reduced integration used in 
this study improves the accuracy of the simulation results, but this has to be weighed up 
against the cost of computation time [135, 136] . 
 
 
 
 
 
Figure 7.4: Numerical models with loading and boundary conditions on a quarter isogrid 
structures. 
 
7.3.1 Creep-ageing constitutive equations 
The creep-induced springback behaviour of AA2219 isogrid structures in a CAF 
simulation is governed by the physically-based, unified creep-ageing constitutive equations, 
namely, the AA2219 creep-ageing model. It was implemented into ABAQUS solver via the 
user-subroutine CREEP. The multi-axial form of the creep constitutive equations for the 
material model used in CREEP subroutine have been discussed in Chapter 5.  
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7.3.2 Multi-step FE simulation for predicting springback  
The FE model, shown in Figure 7.4, consists of a square structure and a rigid spherical 
tool surface connected by springs. This quarter model has a dimension of 260 mm ×100 mm 
in length and width. The four-node, quadrilateral, stress/displacement shell elements with 
reduced integration and a large-strain formulation element S4R, was used for analysis. This 
rigid tool surface has a radius of 235 mm with a fillet of 150 mm.  
Multi-step numerical procedures have been developed to simulate the CAF process and 
to evaluate the final shape using ABAQUS. The procedures are described below: 
STEP 1: Apply a small but sufficient uniform pressure on the top of the isogrid 
aluminium panel to overcome the stiffness of the springs and guarantee the corner of the 
panel getting full contact with the tool surface.  
STEP 2: Continue to apply uniform pressure to deform the isogrid panel until 95% of 
the panel completely contact with the tool surface.  
STEP 3: Maintain the constant pressure and hold the isogrid panel on the tool surface 
for a certain period of 18 hours, which allows aging, stress relaxation to take place 
simultaneously. 
STEP 4: Remove the constant pressure incrementally and allow the isogrid to 
springback. The outside points of the isogrid panel were collected. 
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7.3.3 Definition of effective radius  
In Chapter 6, a sensitivity study has been carried out to determine the influence of 
pressure magnitude on the final shape of the workpiece, it has been found that the localized 
curvature index along the workpiece are distributed uniformly apart from the edge. Hence, 
the effective radius area is defined where the workpiece are fully contact with the tool surface 
during CAF, the outer radius of target workpiece or formed workpiece is termed as an 
effective radius (Figure 7.5). It is also suggested that the edges of the workpiece should be 
trimmed off after creep age forming.  
 
Figure 7.5: Definition of an effective radius. 
 
7.3.4 Tool offsetting algorithm 
The tool offsetting algorithm includes two steps. This first step is to evaluate the ratio 
of effective radius between the springback and target isogrid panel. If the calculated error is 
not within the tolerance, then the second step is applied to modify the radius of the current 
tool according to the tool offsetting algorithm. Figure 7.6 shows the illustration of offsetting 
the current tool surface.  
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Figure 7.6: Illustration of offsetting a tool surface for springback compensation. 
 
In the first step of the algorithm, the radius of current tool surface, iTR , the effective 
radius of target isogrid panel, ieR , and effective radius of springback isogrid panel,
i
esR , are 
provided. i  is the number of iteration. For the first iteration, it is assumed that 1 1T eR R . At the 
end of the FE simulation, the effective radius of the springback panel, iesR , is calculated 
according to geometric information gained from ABAQUS, and it was then passed into the 
tool offsetting algorithm. The ratio of effective radius between the springback and target 
isogrid panel are evaluated by  
/i iesR R   (7.1) 
 
If the error, 1  , is beyond the specified tolerance, the new radius of the tool are 
formulated in the second step of the algorithm by  
1 /i ie eR R 
   (7.2) 
The re-constructed tool surface are then passed into ABAQUS for next iteration of FE 
simulation until the error is less than the specified tolerance, and that particular tool surface 
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will be chosen for the design of the final tool. The tool offsetting algorithm was carried out in 
Excel-2007 manually to determine the tool surface of next iteration of FE simulation. 
7.4 Computational results  
7.4.1 Tool offsetting results 
Redesigning of the tool effective radius using the tool offsetting method described 
above was carried out at the end of each FE numerical simulation. The effective radius of 
springback was calculated and passed into the algorithm for evaluating the ratio of effective 
radius between the springback and target isogrid panel. This error deduced from the ratio was 
then compared to the specified tolerance. The error in the present work was specified as 0.3%. 
If the error was less than the tolerance, then the current tool radius would be used for 
designing the final tool. Otherwise, the tool offsetting process would be continued. Figure 7.7 
is the result of the error against the iteration. It can be seen that the error decreased 
significantly during the first three iterations and after that the error started to converge. After 
total five iterations, the error is 0.21%, which is below the specified tolerance 0.3%. Thus the 
effective radius (234.7 mm) at iteration 5 will be taken as the final radius for tool design. The 
final effective radius we applied for final design work is 235 mm for the convenience of the 
design work.  
7.4.2 Modelling of stress relaxation and springback   
Figure 7.8 shows the simulation results of the creep age forming of an isogrid panel at 
the 5th iteration. This rigid tool surface has a radius of 235 mm with a fillet of 150 mm. The 
total forming time is 18 hours. Figure 7.8(a) shows the initial loading, where the corner of the 
isogrid panel has contacted with the tool filter area, at this time, it has already induced plastic 
deformation at the edge area of the panel. The stress level was lower at the inner of the 
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isogrid panel. But in terms of the isogrid ribs, the stress level was around 120.73 MPa. 
Further pressure was applied to deform the whole isogrid panel into the tool shape, shown in 
Figure 7.8(b). At this stage, the maximum stress level was about 259.1 MPa. However, the 
stress level is lower in the inner part of isogrid panel. With the isogrid panel held to the tool 
shape for a further 18 hours, creep took place, which relaxed the stress. The maximum stress 
at the edge is reduced from 259.1 MPa to approximately 123.3 MPa. While the maximum 
stress on the illustrated rib decreased from 160.43 MPa to 117.31 MPa. The normal stress 
level on the outer layer of the isogrid panel is around 120 MPa, as shown in Figure 7.8(c). 
Springback occurred upon release of the forming pressure since the stresses were not fully 
released by creep. Figure 7.8(d) shows the residual stress distribution after springback. The 
majority of the residual stress was less than 102.21 MPa. Due to the requirement on the 
mechanical property of the isogrid panel after ageing, it is not possible to extend the ageing 
time, thus the stress could not be relaxed further in the forming process. From the simulation, 
we can see that the stresses on the isogrid panel nearly reduced to the same stress level after 
creep ageing forming, which improves the shape stability after unloading. 
 
Figure 7.7: Error (difference) in the effective radius between target and springback isogrid 
panel. 
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(a) Initial loading 
 
(b) Fully loaded 
 
(c) Holding for 18 hours 
 
(d) After springback 
 
Figure 7.8: Evolution of effective stresses during CAF: (a) at initial loading, (b) fully loaded, 
(c) hold for 18 hours (d) after springback. 
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7.4.3 Isogrid rib deflection analysis    
During the CAF process, one of the major concerns is whether the ribs are stiff enough 
to resist against buckling induced by vertical deflection in the bending process before 
artificial ageing. Numerical analysis has also been carried out to investigate the profile of ribs 
after fully loading. The numerical data was obtained from the top node sets on the ribs at the 
fully loading stage (Figure 7.9). To comprehensively present the isogrid rib deflection 
analysis, only a quarter models is illustrated in the numerical analysis. Figure 7.9(a) shows 
the undeformed isogrid structure while Figure 7.9(b) shows the comparison of computed 
profile (symbols) and ideal profile (solid lines) of isogrid structure after fully loading. From 
the simulation result, the maximum deflection is 0.9 mm in vertical direction against the 
longitudinal direction of ribs. This value is acceptable in isogrid structure design to resist 
buckling according to the Handbook of Isogrid Design [137]. It is also noted that the 
autoclave condition enables uniform pressure to be evenly distributed on the top surface of 
the panel and two sides of the isogrid ribs, thus the vertical deflection of the isogrid ribs is 
mainly due to the isogrid structure constraints at the intersection. 
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(a) 
 
(b) 
              
Figure 7.9: (a) Top view of the undeformed isogrid structure (b) Comparison of computed 
profile (symbols) and ideal profile (solid lines) of isogrid structure at full load. 
 
7.5 Autoclave creep age forming of isogrid panels  
Autoclave forming of isogrid panels has been basically divided into six stages. In 
Figure 7.10, a schematic diagram presents the forming stages of CAF for cylindrical isogrid 
panels. First, the isogrid structures are machined by numerically controlled CNC machining 
operation on AA2219-T4 flat panels (Figure 7.10(a)). Next, a high temperature vacuum bag 
is fitted to seal the component against the continuous surface of the forming tool, the air is 
removed from under the air bag to create an atmospheric pressure differential, forcing the 
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isogrid panel towards the die surface (Figure 7.10(b)). In the next stages, the pressurised 
component and tool are loaded into an autoclave while the panel undergoes heat treatment at 
a temperature of 175 °C  (Figure 7.10(c)). At the end of the heat treatment cycle (18 hours), 
the isogrid panel is removed from the autoclave and unwrapped. The edges at the isogrid 
panel are trimmed thereafter (Figure 7.10(d)). In the last two stages, a cylindrical isogrid 
panel can be obtained by assembling three pieces of single formed isogrid panels via friction 
stir welding (Figure 7.10(e)). Excess materials at the lateral edges are machined off 
(Figure 7.10(f)). 
(a) 
 
(b) 
 
(c) 
      
 
(f) 
 
(e) 
 
(d) 
 
Figure 7.10:  A schematic illustration of the CAF process for forming 1/3 pieces isogrid 
cylindrical assembly by autoclave forming. 
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7.6 Summary  
Integrated numerical procedures for predicting stress relaxation and springback and tool 
shape determination for autoclave creep age forming isogrid panel have been developed. The 
main interest of this chapter was to establish the FE procedures to simulate the autoclave 
creep age forming process of forming isogrid panels and predict its consequent springback. 
The creep ageing behaviour of the material was modelled by implementing the AA2219 
creep–ageing constitutive equation into the ABAQUS though CREEP subroutine for the CAF 
simulations. The integrated numerical procedures with the tool offsetting algorithm were 
carried out repeatedly until the specified tolerance was achieved and finally the final surface 
definition was determined. The convergence of tool offsetting results demonstrates that the 
iterative integrated procedures can be used to determine the final tool shape based on FE 
simulation results. Also, the numerical results show that the established FE procedures 
enables the stress relaxation, springback behaviour and the deflection of isogrid ribs to be 
predicted in CAF. Finally, a proposed CAF process for forming 1/3 pieces isogrid cylindrical 
assembly by autoclave forming has been given for the guidance of industrial usage. 
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CHAPTER 8                                      
Experimental Investigation on Forming 
AA2219 Stiffened Structures 
 
8.1 Introduction 
As discussed in Chapter 7, besides autoclave creep age forming, upper-lower die set 
(mechanical forming) can also be employed for creep age forming large panel structures. In 
this chapter, an end clamp device was designed and used to creep age form a stiffened panel 
structure. The experiment consisted of three stages: in the first stage, an end clamp device, 
capable of generating a constant radius profile, was employed to deflect the specimen into the 
expected shape. In this stage, PTFE filler material was used to fill the machined-out pockets 
in the panel to avoid the contact force being compressed directly on the ribs. In the second 
stage, the compressed specimen, together with the end clamp device, was put into a closed 
furnace at 175 °C  for duration of up to 18 hours. In the last stage, after the end clamp device 
was cooled down to the room temperature, the upper die device was removed and the 
specimen sprung back. The main objective of the experiment was to investigate the feasibility 
of creep age forming stiffened structures by a mechanical method (i.e. using an upper-lower 
die set). 
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8.2 Experimental Characterization  
8.2.1 End clamp device design 
Figure 8.1 shows the schematic configuration of the end clamp device. The test device 
was designed by the author and manufactured by three DMT students in the Mechanical 
Engineering Department at Imperial College London. The end clamp device consisted of a 
cylindrical die (top part) and two clamps at the bottom (bottom part). The detailed 
dimensions of the device are shown in the figure below. 
 
Figure 8.1: Schematic illustration of the end clamp experiment. (all dimensions in mm) 
 
8.2.2 Test specimen preparation 
The specimens were machined into three types of stiffened structures from 6 mm base 
2219-T87 base plates: one stiffened panel, a rectangular stiffened panel and an isogrid 
stiffened panel. A flat 4.5 mm thick panel was also employed in the experiment. All the 
specimens were solution heat-treated and water quenched prior to the test. The dimensions of 
the four types of workpiece are shown in Figure 8.2. 
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(a) Flat panel  
 
 
 
(b) One stiffened panel 
 
 
 
(c) Rectangular stiffened panel 
 
 
 
(d) Isogrid stiffened panel 
 
 
 
Figure 8.2: Illustration of the stiffened panels. (all dimensions in mm) 
8.2.3 Experimental procedures 
The experiments were performed by the author and three DMT students together. The 
experimental procedures are listed below: 
 The initial workpiece was placed, centred, and properly aligned on the two clamps. Some 
markings were used to assist the alignment. 6 mm thick trimmed PTFE filler material 
( E : 750 MPa, 0.2 :12 MPa [138]) was used to fill the machined-out pockets of the 
 131 
 
stiffened panels. Another 6 mm thick plane PTFE material was placed on the top surface 
of the trimmed PTFE filler material to transfer the compression force. (Figure 8.3 (a)) 
 The cylindrical die was installed on the Lloyd 5588 material testing machine (as 
discussed in Chapter 5, Section 5.2.2); the displacement control model was used. Both 
the cross head speed and displacement were pre-set. 
 The cylindrical die was lowered using a sensitive control until the 6 mm thick plane 
PTFE started to transfer the compression force onto the tested workpiece; an obvious 
positive loading change was the indicator used to confirm that the compression force was 
beginning to be transferred.  (Figure 8.3 (b)) 
 The displacement and load indicator was then zeroed. The cross head was allowed to 
travel down at a constant speed so as to press down the cylindrical die and consequently 
compress the workpiece to the target displacement, i.e. by 38 mm in all the stiffened 
panels. (Figure 8.3 (c)) 
 Once the target distance was achieved, the cross head was stopped. Four locking bolts 
were applied to tighten the end clamp device in order to hold the workpiece in place. A 
value of around zero displayed on the indicator was taken to mean that the end clamp 
device was fully tightened.  (Figure 8.3 (d)) 
 The end clamp device was then removed from the Lloyds 5588 material testing machine 
and the entire end clamp device associated with the compressed workpiece was put into a 
closed fan furnace. (Figure 8.3 (e)) 
 The temperature of the furnace was kept constant at 175 °C  for 18 hours to allow age 
hardening and stress relaxation to take place.  
 After 18 hours, the furnace was opened. The entire rig together with the held, deformed, 
workpiece was removed from the furnace. 
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 After cooling to room temperature (up to 3 hours), the locking bolts were removed from 
the end clamp device. The workpiece was then allowed to springback.  (Figure 8.3 (f)) 
As well as forming these CAF workpieces, parallel experiments were also carried out to 
form CWBSFA workpieces, in a similar experiment to that conducted in Chapter 5. 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
 
Figure 8.3: Pictorial illustrations of the experimental procedures. 
8.3 Experimental Results  
Several CAF tests were carried out using the procedures discussed in Section 8.2. Figure 
8.4 shows the deformed workpieces together with the filler materials that were removed from 
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the machined-out pockets. The average thickness of the PTFE filler material was found to 
have decreased from 6.00 mm to 5.21 mm. These PTFE filler materials were used several 
times to form the same structure stiffened panel. After a total of four uses of the PTFE filler, 
the final average thickness of these materials was around 4.93 mm. 
(a) Flat panel 
 
(b) One stiffened panel 
 
(c) Rectangular stiffened panel 
 
(d) Isogrid stiffened panel 
 
Figure 8.4: Deformed stiffened panels with filler materials after creep age forming. 
 
 Figure 8.5 shows a visual profile and a plotted comparison of the CAF and CWBSFA 
workpieces. The outer profile of the half-deformed workpiece was plotted on coordinate 
paper.  In Figure 8.5, REF, which equals 156 mm, refers to the outer profile of the 
deformed workpiece without springback.  
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(i) (ii) 
(a) Flat Panel  
 
 
 
(b) One stiffened panel 
 
 
 
(c) Rectangular stiffened panel 
 
 
 
(d) Isogrid stiffened panel 
   
 
 
 
Figure 8.5: Illustration of (i) the visual profile and (ii) comparison of the profile between 
CAF and CWBSFA workpieces. 
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From Figure 8.5, stiffened workpiece with curvilinear profiles could be obtained. Due 
to the experiments are carried out by an end clamp device, it would not be cylindrical profiles. 
But it still proves that a stiffened workpiece with a curvilinear profile could be obtained using 
a mechanical creep age forming method with the application of PTFE material filling in the 
machined-out pockets. Also, from the observations, there are no obvious irregular skins and 
failure ribs due to buckling. The PTFE material will be therefore suggested to be applied in 
the future mechanical CAF work. Also, by performing the same compression procedures, the 
springback experienced by the CAF workpieces was less than that for the CWBSFA 
workpieces as expected. 
 
8.4 Mechanical creep age forming of isogrid panels  
Figure 8.6 represents the mechanical-based CAF manufacturing sequences involved in 
producing cylindrical isogrid structures.  
Firstly, the CNC machining operation is conducted on an AA2219-T4 isogrid panel 
(Figure 8.6(a)). When the section being machined has been completed, it is filled with PTFE 
material, which is able to deform with the isogrid panel up to a temperature of 260 °C 
(Figure 8.6(b)). Next, the isogrid panel filled with PTFE material is compressed to the desired 
curvature using a compression die tool. Once the panel is in full contact with the lower die, 
the upper die is stopped and locked into position using bolts (Figure 8.6(c)). Thereafter, the 
entire system is put into a closed fan furnace at a temperature of 175 °C . After 18 hours, the 
entire system is removed from the furnace and cooling takes place. After the system has 
cooled down to room temperature, the upper die is removed and a curved isogrid panel is 
obtained (Figure 8.6(d)). The filler material can then be removed from the isogrid panel and 
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the leading and trailing edges of the panel are trimmed (Figure 8.6(e)). Finally, a cylindrical 
structure can be obtained by assembling three pieces of single formed isogrid panels via 
friction stir welding (Figure 8.6(f)). Excess materials at the lateral edges are machined 
off (Figure 8.6(g)) 
(a) 
 
(b) 
 
 (c) 
 
 
(f) 
 
 
(e) 
 
 
(d) 
 
 (g) 
 
  
 
Figure 8.6:  A schematic illustration of the CAF process for forming 1/3 pieces for isogrid 
cylindrical assembly by bending and forming. 
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8.5 Summary 
In the experiment described in this chapter, an end clamp device was employed to 
investigate creep age forming of stiffened structures using a mechanical forming method. 
Generally, the experimental results show that mechanical creep age forming of stiffened 
structures with PTFE filler material enables the formation of curvilinear stiffened structures. 
In addition, comparison between stiffened panels formed using CAF and CWBSFA showed 
that the creep age forming technique resulted in less springback than in the CWBSFA panels, 
thereby providing improved formability. Finally, as a guide for usage of this process in an 
industrial context, the chapter outlines a proposed CAF process for forming 1/3 pieces for an 
isogrid cylindrical assembly using mechanical forming with PTFE filler material. 
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CHAPTER 9                                                 
Conclusions and Suggestions for Future Research 
 
9.1 Conclusions 
The study of creep age forming (CAF) of aluminium alloy 2219 and application of 
modelling techniques for predicting age-hardening, stress relaxation and springback in CAF 
have been presented in this thesis. The key conclusions of this research have been drawn into 
the following aspects:  
 Due to limitations of the industrial artificial ageing temperature and the forming time 
dictated by microstructure requirements, it is not possible to fully relax the stresses in 
the AA2219 aluminium structure. Therefore, springback is unavoidable in CAF. When 
the stress level drops due to creep, the creep rate reduces sharply according to sinh-law 
relation. The creep deformation is subsequently in the stage of steady state and so as the 
stress relaxation. These stresses are expected to relax to a similar level at a critical load 
at the end of artificial ageing. 
 Constitutive modelling methods have been applied and adopted to model both physical 
and mechanical properties of the AA2219 in CAF at 175 °C . FE numerical simulation 
procedures for CAF AA2219 sheet structure have been established using commercial 
FE solver ABAQUS via user-defined subroutine, CREEP. The FE simulation results 
demonstrated that, apart from modelling the creep deformation, stress relaxation 
behaviour of the material and its consequent springback, the microstructure evolution 
of normalized mean ratio of disc-shape precipitates and yield strength of the material 
during CAF can also be predicated.  
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 Four point bend experiments were designed and carried out to characterize the 
springback behaviour and validate the springback prediction of the AA2219 sheet 
components. The experimental result and simulation are in good agreement with errors 
less 15%. The simulated results might be improved if the thermal stress effect during 
the heating process is considered in the simulation. 
 Numerical models have been established to analyse the difference in springback 
predictions between the two loading cases: end clamp and autoclave. The former is 
often used in small scale laboratory testing and the latter in real industrial forming 
processes. It is recommended that for a large scale component the springback evaluated 
from end clamping could not be used for assessing the springback from autoclave 
condition.  It is recommended that laboratory scale end clamping tests should not be 
used to model springback features for the real vacuum forming processes as the local 
springback distributions are significantly different, even if the overall magnitudes are 
similar.  
 Integrated numerical procedures for predicting stress relaxation and springback and tool 
shape determination for autoclave creep age forming isogrid panel have been developed. 
A tool offsetting algorithm is established based on the CAF simulation results of 1/3 
pieces isogrid cylindrical structures. By employing the algorithm, the desired tool shape 
with good accuracy can be found in 5 integrations. 
 Experimental work has been carried out to investigate mechanical-based creep age 
forming stiffened structure. The investigation indicates mechanical-based CAF of 
stiffened structures with PTFE filler material enables to form curvilinear stiffened 
structures without passing the compression force directly onto the stiffened ribs. 
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9.2 Suggested Future Work 
The present research is the preliminary work to model the CAF features of aluminium 
alloy 2219 and investigation of the related forming work for CAF AA2219 isogrid structures. 
There are some areas required further investigation and following are suggestions:  
 Microstructure examination on the evolution of ageing precipitates is expected to be 
performed to improve the understanding of the material during CAF. 
 A detailed research of thermal stress analysis needs to be carried out to understand and 
investigate the thermal stress effect on the loading stage of CAF. 
 A CAF equipment should be designed for forming 1/3 pieces isogrid cylindrical 
structure to further validate the FE simulation and seek the novel CAF process for 
forming isogrid structure in the industrial application.  
 Exploration of new forming process for forming isogrid fuel tank will be carried out 
based on the well understanding of CAF process. One piece cylindrical isogrid 
structures are expected to be fabricated in the future by CAF to reduce piece-part count. 
A preliminary idea of creep age forming one-piece cylindrical isogrid structure is 
shown in Figure 9.1.  
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(a) 
 
(b) 
 
(c) 
 
 
(f) 
 
(e) 
 
(d) 
 
 
(g) 
 
(h) 
 
 
 
 
 
 
Figure 9.1: A schematic illustration of the CAF process for forming one piece isogrid 
cylindrical assembly by hydro forming. 
During this novel process, the isogrid structures are expected to be machined on 
AA2219-T4 flat panels (Figure 9.1(a)). Next, the machined isogrid panel is rolled as a whole 
cylindrical body after the machined-out pockets filled with a low melting wax 
(Figure 9.1 (b) and (c)). After the rolling process, two ends of the rolling part are expected to 
be welded together via friction stir weldment (Figure 9.1(d)). Next, the wax is melted out at 
60 °C  and the isogrid panel is cleaned in the water tank (Figure 9.1 (e) and (f)). Then the 
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whole cylindrical isogrid body are sent into a hydro tank to allow hydro expanding and 
artificial ageing taken place synchronously in the forming process (Figure 9.1 (g)). Finally, 
excess materials at the lateral edges are machined off (Figure 9.1 (h)).  
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Appendix A 
 
Detailed drawings of the four point bending rig are shown here:  
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Appendix B 
 
 
Mesh convergence studies have been performed for all the simulations in this thesis in 
order to guarantee that enough elements are used to get a convergent solution. Mesh 
convergence studies have been performed with different size of mesh e.g. 15 mm, 10 mm, 
5 mm and 4 mm for the simulations in this thesis. Good agreements have been obtained by 
using the mesh size of 5 mm and 4 mm. A detailed convergence study is performed here to 
investigate the effect of implementation different size mesh. The mesh size induced 
equivalent stresses in the simulation will be more sensitive, if the maximum induced stress of 
the material is below yield stress in pure elastic region. The simulation results shown here are 
carried out based on the uniform pressure loading on CAF of an AA7055 sheet in Chapter 6. 
Figure B-1 shows the surface equivalent stress of the workpiece for uniform pressure loading 
conditions at the initial loading. The mesh sizes are 15 mm, 10 mm, 5 mm and 4 mm 
respectively.  
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Figure B-1: The surface equivalent stress of the workpiece for uniform pressure loading 
conditions at the initial loading. The mesh sizes are (a) 15 mm, (b) 10 mm, (c) 5 mm and (d) 4 
mm respectively.  
 
From the simulation results, we can see that good agreements have been obtained by 
using the mesh size of 5 mm and 4 mm. The subsequent simulations on the fully age stages 
and after springback stages is related to the initial loading’s stress distribution. Thus it is 
necessary to perform the mesh convergence studies in order to get the accurate solutions.  
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